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ABSTRACT
Rawinsonde and s a t e l l i t e  data  are  ass im ila ted  in a th ree  dimensional 
analysis  scheme which couples mass and momentum, and allows computation of 
v e r t ic a l  motion. This scheme is  used to  diagnose the  c h a r a c te r i s t i c s  of 
cyclone development in the  le e  o f  the  Alps. By allowing the  dimensions o f 
the t e r r a in  and the data to  define the  appropria te  magnitude o f  ageostrophic 
flow and v e r t ic a l  s ca le ,  we can obtain  horizontal and v e r t ic a l  motion f ie ld s  
which r e f l e c t  the  proper r a t io  o f  flow around versus over the  Alps. Using 
quasi-Lagrangian volumes moving with the  upper wave and assoc ia ted  ba roc lin ie  
zone, the  evolution of fro n ta l  s t re n g th ,  v o r t i c i ty ,  and energy i s  examined 
fo r  two lee  cyclone episodes.
The blocking e f f e c t  on the  coo ler a i r  and e x te rn a l ly  forced v e r t ic a l  
motions a re  shown to  increase  the  mean fron ta l  zone s treng th  as the  wave 
in te ra c t s  with the  Alps.
The lee  cyclone passes through d i s t i n c t  s tages  during i t s  l i f e .
These are :
1. Orographic s tag e ,  which i s  re la ted  to  conservation o f  p o ten tia l  
v o r t i c i t y  and production o f  shallow c i rc u la t io n s .
2. Rapid development s ta g e ,  where dynamically forced upward motion 
and t e r r a in  produced downward motion combine to  concentrate  v o r t i ­
c i t y  a t  middle le v e ls .
IV
3. T ransition  s tag e ,  where increased thermal advection and move­
ment away from the mountains allows the storm to  grow b a ro c l in ic a l ly .
Evaluation o f  energy transform ations show th a t  mean k in e tic  energy 
within the  volume (K), i s  converted to  perturbation  k in e t ic  energy (K^), 
during the  orographic phase. Mean av a ilab le  po ten tia l energy (%), i s  
converted to  perturbation  availab le  po ten tia l  energy (A ') ,  during the 
fron ta l strengthening phase. During rapid  development, baro trop ic  processes 
K^) dominate the  b a ro c lin ie  processes (A  ^ K ') , however both con tribu te
to  development. During the t r a n s i t io n  s tage , (A' -»• K') i s  the  primary 
conversion although baro tropic  processes s t i l l  play a ro le  in  increasing
r.
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CHAPTER I 
INTRODUCTION
Mountains of the  ea r th  play an important ro le  in  d e f in i t io n  o f  world 
climatology (Trewartha, 1965). This influence extends not only to  long term 
e f fe c ts  such as c l im a te s ,  but to  the whole spectrum o f  time and space s c a le s ,  
from p lan e ta ry ,  synoptic  and lee  waves, to  g rav ity  waves and turbulence.
Numerical sim ulations by many in v e s t ig a to rs  (Bleck, 1977; Trevisan , 
1976; Tibaldi e t  a]_. 1980) have attempted to  i s o la t e  e f fe c t s  on middle
l a t i tu d e ,  la rge  sca le  meteorological systems by t e r r a i n .  Such s tud ies  are  
somewhat lim ited  by how the  t e r r a in  i s  rep resen ted , unknown nonlinear e f f e c t s  
and contamination by boundaries. The th ru s t  o f  these  s tu d ie s  has been to  
simulate lee  cyclogenesis ,  although o the r e f f e c t s  such as f r i c t i o n ,  and 
fron ta l  m odification a re  o ften  seen in the  course o f  the  numerical in te g ra ­
t io n .
Another avenue o f  in v es t ig a t io n  o f  t e r r a in  e f f e c t s  i s  the  d iagnostic  
approach. Unlike modern physics where theory freq u en tly  leads observation , 
observation o f  a phenomena and ana lys is  o f  these  observations a re  the  f i r s t  
s teps in  the  development o f  most meteorological concepts. At the  recen t 
Workshop on Mountains and Numerical In teg ra tion  (European Center fo r  Mid- 
Range Weather F o recas t in g ) ,  i t  was resolved to  s t r e s s  the  value o f  observa­
tiona l d esc r ip t io n  and diagnosis o f  a tm osphere-terra in  in te ra c t io n  using
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av a ilab le  data  in regions o f  in t e r e s t .  Past s tud ies  o f  t h i s  type (Hage,
1961; McClain, 1960) have been ty p ic a l ly  more q u a l i ta t iv e  than q u a n t i ta t iv e .  
As P h i l l ip s  (1979), Sasaki e t  (1977), Sasaki and McGinley (1978), and 
Buzzi and Tibaldi (1978) showed, however, use o f  advanced o b jec t iv e  analysis  
schemes can y ie ld  sound q u a n t i ta t iv e  data as well.
The power o f  o b jec t iv e  analysis  i s  i t s  a b i l i t y  to  de fine  processes 
a t  p a r t ic u la r  sca les  through the  use o f  weighting fac to rs  which tune the 
re su l t in g  f i e ld s .  The inheren t weaknesses in t h i s  approach a re  the  depen­
dence on av a ilab le  d a ta ,  both a re a l ly  and temporally, and th e  sub jec tive  
nature o f  weight s e le c t io n .  Development and use o f  an o b jec t iv e  analysis  
model which minimizes the  sub jec tive  aspects is  a major goal o f  t h i s  paper.
For exp lo ra tion  of  atm osphere-terrain  in te ra c t io n ,  th e re  are  abundant 
po ten tia l  geographical regions o f  study. One o f  the more important and 
le a s t  understood atmospheric problems is  the frequent and rap id  cyclogenesis 
in the northern Mediterranean Sea, j u s t  south o f  the  Alps. Storm development 
here has g rea t  impact on the populated p a r ts  o f  northern I t a l y ,  mainly on 
shipping and farming. Numerical models have shown a general in a b i l i t y  to 
fo recas t  t h i s  phenomenon. From the d ia g n o s t ic ia n 's  view t h i s  problem is  
appealing:
1. Europe has a very dense rou tine  upper a i r  network.
2. The mountains have a lim ited  e x ten t ,  are  surrounded by f l a t  
t e r r a i n ,  and a re  populated enough to  provide su rface  and upper a i r  
da ta .
3. The meteorological phenomena i s  frequent enough so th a t  cyclo- 
genetic  events are l ik e ly  in almost any data s e t  obtained.
A major disadvantage i s  th a t  the  cyclogenesis f requen tly  occurs over
the Mediterranean Sea. The problems of sparse data  in t h i s  area can be 
a l le v ia te d  by a ss im ila t io n  o f  s a t e l l i t e  radiance d a ta ,  and observation from 
ships and a i r c r a f t .  I t  should be s tre ssed  e a r ly  on as did Buzzi and Tibaldi 
(1978) in th e i r  case study o f Alps cyclogenesis, th a t  although the data is  
dense, i t  i s  capable o f  providing information fo r  only the  la rg e s t  fea tu res  
o f  Alps-modified flow. Analysis techniques which introduce dynamical 
consistency in to  mass and motion f ie ld s  have been shown to  reduce the s ize  of 
the spacial Nyquist wave up to  a fac to r  of two, (Stephens, 1971).
In e a r l i e r  case s tu d ie s ,  Sasaki and McGinley (1978) and Buzzi and 
Tibaldi (1978) found th a t  the  mountains had a profound influence on the 
s treng th  o f  the primary zone o f b a ro c l in ic i ty  (the  f ro n ta l  zone). As the 
f ron ta l  zone passed the  mountains a marked increase  in f ro n ta l  s trength  
(measured by |V0|, where 0 i s  p o ten tia l  temperature) occurred. P r io r to  the  
f ron ta l  in te n s i f i c a t io n ,  le e  cyclone development was a lready  underway. The 
combination o f strengthening  environmental b a ro c l in ic i ty  and i t s  colocation 
with a fu l ly  formed c i r c u la t io n  would have obvious development p o te n t ia l ,  
even with simple b a ro c lin ie  theory , (Holton, 1972). Numerical work by 
Merkine (1975) and Merkina and Kalnay-Rivas (1976) showed s im ila r  fron ta l 
s trengthening over an A lps-like  b a r r ie r .  The t r a n s i t io n  o f  a lee  cyclone 
from a shallow downward motion dominated system to  a more c la s s ic  b a roc lin ie  
s t ru c tu re  has been documented by Johnson, e t  a]_. (1976) and P h i l l ip s  (1979).
Flow over and around te r r a in  fea tu res  i s  governed by fundamental 
re la t io n sh ip s  of f lu id  dynamics on a ro ta t in g  sphere. I f  we consider the 
flow to  be in v isc id  and a d ia b a t ic ,  i t  must conserve i t s  p o ten tia l  v o r t i c i ty .  
I f  po ten tia l  v o r t i c i ty  i s  defined as
p _ CpV3ln0  *(V3 X V3 + 2 0 )
P
then
where Cp is  sp ec if ic  heat a t  constant pressure , 0  i s  po ten tia l  tem perature,
V3 X % is  the curl o f  the  3 dimensional ve loc ity  v e c t o r , ^ i s  the  e a r th 's  
ro ta t io n a l  vecto r ,  73 i s  the  3 dimensional grad ien t o pe ra to r ,  and p i s  
density .
For flow going up and over a very long orographic r id g e ,  the  e f f e c t  
of such a conserving p r in c ip le  i s  th a t  the flow w ill  be deflec ted  to  the 
l e f t  as an ticyclon ic  v o r t i c i ty  i s  created a t  the r idge . This i s  in  accord­
ance with e leva tion  o f  is en tro p ic  surfaces over the mountain ( |V j0 | increases) 
and depression in the le e  (|V;0| decreases), and the  necessary change in 
r e la t iv e  v o r t i c i ty  o f  the  p a rce l ,  (Hess, 1959; p .252). The ne t horizontal 
displacement and v a r ia t io n  of  the Corio lis  parameter with l a t i tu d e ,  forces 
the parcel to  o s c i l l a t e  s tab ly  as i t  continues downstream. This i s  the 
mechanism of what i s  termed the lee  trough. See Figure I - l .
For an iso la ted  b a r r ie r  more complex considerations are necessary.
Here the a i r  has the  p o s s ib i l i ty  o f  going around the obstac le  o r  over i t ,  or 
a combination o f  both.
As shown by Proudman, and confirmed by Taylor (h is to r ic a l  review by 
Morel, 1973), in v is c id ,  incompressible flow has a quasi-two dimensional 
charac te r  in a ro ta t in g  frame, and will deviate  a t  a l l  leve ls  around even 
a small obstac le  placed a t  the lower boundary. For the  atmosphere a t  very 
la rge  sca les and t e r r a in  o f  la rge  horizontal ex ten t (small Rossby Number and 
v e r t ic a l  d isplacem ents), a s im ila r  phenomenon may be seen. That i s ,  the a i r  
tends to  flow around r a th e r  than over the b a r r i e r ,  even a t  le v e ls  f a r  above
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Fig. I - l .  Stream lines over a ridge o f long transverse ex ten t.
Diagram below shows how atmospheric columns reduce height vdien 
crossing ridge. &r i s  p o ten tia l temperature a t  some layer undisturbed 
the te rra in ; 6^  i s  a t  surface; 0  a t  top o f column.
Fig. 1-2. Stream lines showing a portion o f th e  flow moving around as 
w ell as over an iso la ted  obstacle.
the  maximum te r r a in  he igh t.  For sm aller sca les  and surface b a r r i e r s ,  the 
flow tends to  r id e  up and over the  b a r r ie r .  To a la rge  degree then , p a r t i ­
t io n ing  o f  t h i s  flow in to  components defin ing horizontal versus v e r t ic a l  
d e f le c t io n s  i s  fundamental to  any d iagnostic  study o f  a irflow  over an 
i so la te d  orographic fe a tu re .  As discussed in  Godske e t  al^. (1957) a irf low  
in the  Alps i s  perturbed ty p ic a l ly  up to  2-3 km above the  highest t e r r a in  
fe a tu re .  (This o f  course discounts sho rt  g ra v i ta t io n a l  waves which a re
known to  propagate to  very high lev e ls  in the  atmosphere (Morel, 1973)).
This observation  i l l u s t r a t e s  what we are dealing with in a irf low  over the 
Alps: a po rtion  o f  the  flow dev iates  ho rizo n ta l ly  and a portion  dev ia tes  
v e r t i c a l l y  (see Figure 1-2).
Buzzi and Tibaldi (1977) discussed a s e r ie s  o f  steady s t a t e  analy­
t i c a l  experiments o f  viscous and s t r a t i f i e d  flow over a topographic fe a tu re .  
The r e s u l t s  showed th a t  an anticyclone o r  "high" forms over the  b a r r i e r  with
a cyclone o r "low" forming in  the  le e .  This d if fe red  from the in v isc id  case
where no such asymmetry was observed. (Note: fo r  the  cases d iscussed , 
the  C o rio lis  parameter was assumed constan t. With f  varying with l a t i t u d e ,  
a le e  type trough forms even fo r  in v isc id  conditions as shown in  Figure I - l . )  
In ad d i t io n ,  the  in te n s i ty  o f  s ta b le  s t r a t i f i c a t i o n  o f  the  f lu id  increased 
the  amplitude o f  horizontal d e f lec t io n s  and l im ited  the v e r t ic a l  response o f  
the  flow. The s t a b i l i t y  introduces a new v e r t ic a l  sca le .  The more the  
v e r t ic a l  displacements are  r e s is te d  by the  s t a t i c  s t a b i l i t y ,  th e  more the  
flow i s  forced around the  obstac le  r a th e r  than over i t .  We hope to  introduce 
the concept o f  a v e r t ic a l  sca le  in the development o f  the ana lys is  scheme 
in  Chapter I I .
Buzzi and Tibaldi (1978) showed q u a l i t a t iv e ly  th a t  le e  cyclogenesis
in the Alps i s  a two-stage process. Sim ilar conclusions have been drawn 
from other s tud ie s  o f  cyclogenesis  in  the  Rocky Mountains by Pe tte rssen  and 
Smebye (1971), Johnson e t  a l . (1976), and P h i l l ip s  (1979). In the f i r s t  
s tag e ,  a pure orographica lly  derived system is  in i t i a t e d  by processes d is ­
cussed in the  previous paragraph. This d isturbance i s  shallow and has weak 
c irc u la t io n s .  The d iffe rences  between the Rockies and Alps a t  t h i s  i n i t i a ­
t io n  stage are  minor. However, in  the  Alps region a i r  moves e i th e r  around
or over the mountain (depending on the ambient s t a b i l i t y ) ,  while in the 
Rockies, owing to  the la rge  e x ten t  t ransverse  to  the flow, the a i r  must move 
over the mountain. This has in te r e s t in g  e f fe c ts  which w ill  be discussed 
fu r th e r  on.
The orographic cyclone i s  one in which v e r t ic a l  c i rc u la t io n s  are 
shallow (and frequently  downward a t  the cen ter  o f  the  d is tu rb an ce ) ,  in h ib it in g  
the  development o f  clouds and p re c ip i ta t io n .  With the approach o f  a d i s tu r ­
bance a lo f t  and i t s  assoc ia ted  b a ro c lin ie  zone, a t r a n s i t io n  occurs where 
the  cyclone changes from the  shallow s tru c tu re  described to  one th a t  may 
extend through the  e n t i r e  troposphere . The approaching wave could possibly
i n i t i a t e  a cyclone development process independent o f  the  mountain. This
would take about four days i f  b a ro c l in ie  i n s t a b i l i t y  c r i t e r i a  were met 
(Holton, 1972; Eady, 1949). In the  le e  of the  Alps, however, the same pre­
conditions r e s u l t  in a cyclone th a t  develops w ithin one day o r le s s .  C learly , 
some acce le ra ting  process i s  tak ing  place in the  lee  region during the  second 
s tage of development. S im ilar rap id  t r a n s i t io n s  a lso  occur in cyclogenesis 
associated  with the  Rockies ( P h i l l ip s ,  1979). The t r a n s i t io n  s tage i s  one 
in  which the  mountain enhances the  b a ro c lin ie  cyclogenic process by modifying 
the  primary zone o f  b a ro c l in ic i ty  and inducing a v e r t ic a l  motion s tru c tu re
which a s s i s t s  in  v o r t i c i ty  production.
To define  how the  mountains a re  fo rc ing  the  in te n s i f ic a t io n  of 
the primary b a ro c l in ie  zone requires  th a t  we look in to  the frontogenetic  
process. Frontogenesis theory has been advanced s ig n i f ic a n t ly  by work done 
by Hoskins and Bretherton (1972), and Hoskins and West (1979). They find 
th a t  frontogenesis  i s  a natural outgrowth o f  b a ro c lin ie  development when a 
j e t  (or an in tense  zone o f thermal c o n tra s t)  i s  p resen t a t  the  i n i t i a l  
time. Frontal evolu tion  depends on two fa c to r s :
1. The fron togenetic  ra te  depends on the  ambient b a ro c l in ic i ty .
2. The s tren g th  of the f ro n t  i s  r e la te d  to  the  presence o f  a j e t  
cu rren t and the associate  flow deformation, (e s se n t ia l ly  the way 
in which the  axis  of d i l a ta t io n  i s  o r ien ted  with respec t to  the  
local thermal g rad ien t) .
From La Seur (1974) we can add another f a c to r :
3. Frontogenesis a t  middle lev e ls  i s  due prim arily  to  the  t i l t i n g  
mechanism, where gradients in v e r t ic a l  motion ac t  to  re o r ie n t  the  
natu ra l v e r t ic a l  temperature s t r a t i f i c a t i o n .
The important re s u l t s  here in d ica te  t h a t  the  frontogenetic  process 
is  induced by secondary c i rc u la t io n s .  These a re  the  adjustments needed to  
keep the  atmosphere in  some s ta t e  o f  balance, e . g . ,  quasi-geostrophic  balance. 
These ageostrophic  motions con tribu te  most to  the  frontogenetic  process.
D iagnostically  t h i s  presents some d i f f i c u l t y ,  simply because unmodified and 
uncoupled observations and analyses a re  incapable o f  providing r e a l i s t i c  
measurements o f  motion one order o f  magnitude le s s  than the horizontal wind. 
This i s  e sp e c ia l ly  t ru e  of motions in  the  v e r t i c a l .  For these  reasons we must 
use care  in the  development of the  an a ly s is  scheme.
How does f ro n ta l  zone s treng th  and frontogenesis a f f e c t  the cyclo­
genesis problem? For b a ro c lin ie  development to  occur, the amount o f  thermal 
c o n tra s t  in the  atmosphere must e x i s t  through a s ig n i f ic a n t  depth. Strong 
shallow fro n ta l  zones are frequen tly  observed, y e t  ra re ly  lead to  cyclone 
development. Much evidence e x is t s  ( a lb e i t  most i s  from numerical experi­
ments and q u a l i ta t iv e  work) t h a t  the  Alps enhance the fron togenetic  process. 
The ex te rn a lly  forced motions assoc ia ted  with the  a irflow  around the  t e r r a in  
produce secondary c irc u la t io n s  which modify the b a ro c l in ic i ty  in the  local 
area . The t i l t i n g  and deformation induced by the mountains are on sca les  
re la ted  to  the dimensions o f  the  t e r r a in .  In te n s if ic a t io n  o f  the fron ta l  
zone in such a c r i t i c a l  pos it ion  with re spec t to  an already e x is t in g  c i r c u l ­
a tion  would obviously enhance the  development p o te n t ia l .
As shown by Johnson (1970) and Wei (1979), i t  i s  possib le  to  budget 
energy in iso la ted  volumes containing cyclones providing th a t  boundary fluxes 
can be ca lcu la ted  accura te ly . The processes described above should be 
r e f le c ted  in  the  energetics  o f  the  lee  cyclone, p a r t ic u la r ly  as the flow 
modifies the ,ava ilab le  p o ten tia l  energy (Johnson, 1970) and k in e t ic  energy 
o f the  d is turbance. The aim here i s  to  e s ta b l i s h  the energy cycle o f  the 
flow with respec t to  the  developing stxÿrm. Energy budgeting over mountains 
has not appeared in the  l i t e r a t u r e  and p rec ise  q u a n t i ta t iv e  re s u l t s  are 
d i f f i c u l t  to  ob ta in . In any case ,  i t  may provide some in s ig h t  in to  the 
e f f e c t  o f  the  mountains on cyclonce development in  the Alps region.
To summarize l e t  us s t a t e  the  goals o f  t h i s  research paper.
1. We want to  define the s t ru c tu re  o f  the  lee  cyclone with respec t 
to  v e r t ic a l  motion and v o r t i c i t y ,  and compare i t s  evolution to  the 
development cycle discussed in e a r l i e r  works. We expect to  d i s t i n ­
guish a t  l e a s t  two d i s t i n c t  s tages in t h i s  development.
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2. The fron togenetic  process assoc ia ted  with the  mountain flow 
is  quan tif ied  and re la ted  to  the  energy budget. Observations 
ind ica te  th a t  the  fro n ta l  zone inc reases  in  s treng th  dram atically .
We intend to  look a t  the t i l t i n g  and deformation mechanisms re la ted  
to  the mountain range.
3. Extending the energy budgeting fu r th e r ,  we examine quasi- 
Lagrangian v a r ia t io n s  o f  bulk energy q u a n t i t ie s  with time and 
attempt to  evaluate  the  transform ation  o f energy from po ten tia l  to  
k in e t ic ,  and from environmental to  pe r tu rba tion  sca le .  The energy 
budget w ill allow us to  fu r th e r  explain the  charac te r  o f  the  evolu­
tion  o f  the  in tens ify ing  cyclone.
4. The basic  data f ie ld s  include a balanced o r  geostrophic compon­
ent combined with a weight-dependent unbalanced component, the  
magnitude of which i s  dependent on the  p a r t i c u la r  environment under 
study. Many of the  processes which produce frontogenesis and v o r t i c i ty  
are re la ted  to these unbalanced components. When p o ss ib le ,  geostrophic 
and nongeostrophic e f fe c t s  a re  d is t ingu ished . I t  i s  hoped th a t  the 
ob jec tive  analysis  scheme serves as a valuable research tool fo r  th i s  
and o the r d iagnostic  s tu d ie s .
CHAPTER II  
THE ANALYSIS SCHEME 
Background
The goal o f  any analys is  scheme is  the production o f rep resen ta tive  
in te rp o la ted  data f i e ld s  from ensembles o f d is c re te  observations. We seek 
to  remove non-pertinen t fea tu res  o f  the  data which can o r ig in a te  from a 
v a r ie ty  o f  sources. Schemes to  automate t h i s  process are  termed "ob jec tive" . 
However, we do not know the s t ru c tu re  o f  the  tru e  f ie ld s  and hence, lack an 
ob jec t ive  c r i t e r io n  on which to  base the  se le c t io n  of  the  scheme and the 
various co n tro ll in g  weights which are  normally a p a r t  of most ob jec tive  
analys is  models.
The ob jec tive  ana lys t  i s  forced to  s e t  c r i t e r i a  su b jec tiv e ly .  Should 
the ana lys is  match the  d is c re te  data ex ac t ly ;  o r  should known laws o f physics 
a lso  play a ro le  in  coupling f ie ld s  o f  in te rp o la te d  data? In the l i t e r a t u r e  
many approaches have been taken. A h i s to r ic a l  review by H altiner  (1971) 
d iscussed how Panofsky used a l e a s t  squares method to  f i t  a polynomial to  
the  observations. Cressman introduced a weighting function which allowed 
the  data to  be f i l t e r e d  during the  ana lys is  process. This scheme s t i l l  i s  
in wide use. An o ften  used extension o f  t h i s  type o f  technique i s  by Barnes 
(1973), who used exponential weighting in  space and time to  improve d e f in i t io n  
in an a ly s is  of mesometeorological f i e l d s .  Doswell (1976) extended th i s  
type o f  ana lys is  to  i s o la te  p a r t i c u la r  modes.
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Panofsky a lso  discussed the  p o s s ib i l i ty  o f  coupling re la te d  f ie ld s  
dynamically. In a landmark work, Sasaki (1958) used the ca lcu lus  o f  v a r ia ­
tions  to  do p rec ise ly  t h a t :  combine a s e t  o f  d isc re te  observations of mass 
and momentum which match in  a l e a s t  squares sense the observations , and in 
a dynamical way couple through the  p e r t in e n t  physics. S a sak i 's  technique 
has been extended in o th e r  papers by Sasaki (1969, 1970), Achtemeier (1975), 
Wagner (1971), and o th e rs .
Even with a v a r ia t io n a l  technique, the  ana lys t  i s  forced to  decide 
sub jec tive ly  how best to  combine the  data with physical re la t io n sh ip s .
How c lose ly  the  observations a re  matched, and which physical re la t io n sh ip s  
to  use, are  fundamental co ns ide ra tions .
In th i s  chapter we p resen t the  s e r ie s  of steps necessary to  obtain 
an objective  a n a ly s is ,  and demonstrate th a t  the su b je c t iv i ty  can be reduced 
by the foreknowledge o f  the  meteorological problem being considered, by the 
lim its  o f  da ta ,  and by the  considera tion  o f  sca le .  I f  we wish to  employ 
th is  scheme to  diagnose meteorological processes associated  with weather 
systems, i t  must as a minimum provide rep resen ta tiv e  f i e ld s  o f  wind, p ressu re , 
geopo ten tia l,  v e r t ic a l  motion, and m oisture , in the  region o f in t e r e s t .
Quality  o f  Data
Before we d iscuss  the  a n a ly s is ,  i t  may be helpful to  determine the 
accuracy o f the  indiv idual observations . Balloon borne sensors have been 
used fo r  nearly  f iv e  decades with generally  ex ce llen t  r e s u l t s .  The following 
tab le  ex trac ted  from information compiled by Bloom (1980) and Halem e t  a l .  
(1978), i l l u s t r a t e d  the  sensing accuracy o f  g eo po ten tia l ,  temperature, winds, 
and re la t iv e  humidity. Since s a t e l l i t e  data  w ill be used in t h i s  study, i t  
i s  included.
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TABLE n - 1
ACCURACY OF BALLOON BORNE (RAOB) AND SATELLITE 
BORNE (SATOB) SENSORS
RMS Errors
RAOB
Pressure level 
(accuracy - 1.5mb)
Geopotential
(gpm)
Temperature
(°C)
Wind
(m/sec)
R elati ve 
Humidity 
(%)
900 20 .2 0.7 10
500 46 ,2 2 ,0 17
200 117 .2 3.0 25
SATOB
900 75 2.5 - 30
500
200
575
1363
4.0
2 .0
( to ta l
fo r
column)
Increased e rro rs  in wind measurement a t  high lev e ls  r e s u l t  from 
a decreasing change in azimuth and e lev a tio n  angle with time as the 
balloon moves away from the observing s ta t io n .  Temperature data from 
RAOBs is  q u ite  good, while SATOB sensors show poorer performance. Techni­
ques to  combine and a ss im ila te  SATOB data with RAOB data are described 
l a t e r .
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Analysis Errors
M eteorological an a ly sis  schemes con tain  many sources o f e r ro r .
Among these  a re :
1. Measurement e rro r  (as tab u la ted  above). These r e s u l t  from 
instrum ent problems, lo ca tio n  b ia se s , and human e r ro rs . These e rro rs  are  
generally  random from s ta tio n  to  s ta t io n  and a re  often  elim inated  during 
prelim inary data checks. Errors which surv ive produce apparent power a t  
wavelengths near th e  Nyquist data in te rv a l ,  L| .^ Once the data  i s  in te r ­
polated to  the  g r id , f i l t e r in g  can reduce i t  fu r th e r .
2. In te rp o la tio n  e rro rs . In te rp o la tio n  e rro r  a r is e s  from the  
re d is tr ib u tio n  o f data from i t s  geographical lo ca tio n  to  a g rid  system.
Gandin (1963) wrote an extensive work on optimum in te rp o la tio n  in  which 
e r ro r  i s  minimized using f ie ld  s tru c tu re  and c o rre la tio n  fu n c tio n s . L ater 
work by Wahba and Wendelberger (1980) in troduces a technique which uses 
sp lin es  and cross v a lid a tio n  to  e lim in a te  in te rp o la tio n  to ta l ly .  This 
method would be ideal since i t  allows fo r ap p lica tio n  o f c o n s tra in ts  on th e  
f ie ld s .  However, i t  is  too com putationally complex fo r  very la rg e  data  s e ts .
A method th a t  has been used in  a v a r ie ty  o f  s tu d ie s  (Wagner, 1971; H ylton,
1972; McGinley, 1973; Sasaki e t  a l .  1977; Sasaki and McGinley, 1978, a ssigns 
the data d ire c t ly  to  a g rid  p o in t, and then uses sp lin es  o f varying ten sio n  
to  in te rp o la te  th e  data to  g rid  po in ts  between those in i t i a l i z e d .  The mesh 
se lec ted  i s  f in e  enough to  provide smooth d e riv a tiv e  f ie ld s  and minimize 
excessive data  s ta t io n  to  g ridpo in t displacem ents (fo r  our study the  d is ­
placement RMS is  30 km).
3. Sampling e r ro r .  Sampling e r ro r  r e s u l ts  from the  d is c re te  na tu re
o f the  d a ta . As shown in  Jenkins and Watts (1968), waves o f sh o rt sp ac ia l
wavelength when sampled a t  an in te rv a l g re a te r  than L/2 (L is  w avelength).
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are  a lia se d  in to  the la rg e r  waves. That i s ,  the  power a t  L appears a t  
some longer wavelength. Of course, th i s  i s  undesirab le and l i t t l e  can 
be done to  c o rre c t th is  problem. However, as Stephens (1971) shows, com­
bining two dynamically re la te d  data  s e ts  in c reases  the  reso lv ing  power 
o f the  model. The d ire c t  e f fe c t  on th e  e lim in a tio n  o f a lia s in g  can be 
seen by sampling data from a known p e rio d ic  function  and comparing the  
re s u l ts  before  and a f te r  f i l t e r in g  and dynamic coupling.
4. Truncation e r ro r .  Evaluation o f d e riv a tiv e s  p re sen ts  another 
problem. For a wavelength near the  Nyquist in te rv a l no inform ation regarding 
the  s tru c tu re  can be obtained. Computing a d e riv a tiv e  can lead  to  unacceptable 
e r ro r  (here 10% is  assumed acceptable) fo r  sm aller waves. The ta b le  below 
shows percen t e rro r  in  evaluating  f i r s t  and second centered d iffe ren ce  
d e riv a tiv e s  o f  a harmonic signal o f varying wavelength on a g rid  o f spacing d.
TABLE I I -2
PERCENT ERROR IN COMPUTATION OF FIELD DERIVATIVES
Wavelength o f 
M eteorological 
Signal (in  g rid  
space u n i ts ,  d) F ir s t  D erivative Second D erivative
4 46.1 109.3
6 19,3 42.0
8 1 0 .6 2 2 .0
10 6 .6 13.8
12 4,6 9,5
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The Low Pass F i l t e r  
From the previous d iscussion  o f e rro rs  we can see th a t  much o f the  
undesirab le  contam ination in  our data s e t  comes from attem pting to  "squeeze" 
too much inform ation from waves a t  o r near the  Nyquist wavelength o f the 
d is c re te  d a ta . The f i r s t  s tep  in  our an a ly sis  w ill be to  apply a low pass 
f i l t e r .  F ritsch  (1971) showed th a t  the  curve w ith minimum curvature which 
connects d isc re te  data p o in ts  takes the form o f a s p lin e . The combination 
o f  th i s  idea and v a ria tio n a l an a ly sis  was presented by Wagner (1971) who 
showed th a t  use o f a "weak" c o n s tra in t (Sasaki, 1970) on the  second deriva­
t iv e  o f th e  f i e ld ,  and th e  m inim ization o f ad justed  values a t  data i n i t i a l i z e  
g r id p o in ts , was e s s e n t ia l ly  the  same as fo rcing  a sp lin e  f i t  to  the  d a ta .
The revo lu tionary  aspect o f  Wagner's scheme was the con tro l given the  an a ly s t 
in  m anipulating the  sp ec tra l response o f the  data through the use o f weighting 
fa c to rs .
Sasaki e t  (1977), adapted th is  technique fo r  use on a sphere.
The v a ria tio n a l formalism can be w ritten  in a la t i tu d e  ((j>), longitude (X), 
log p ressu re  ( t t ) domain a s :
X #  ^ 32^1 ~ !l[ + G(V*8- tan* ^ ^ ) ^ }  dnd*dX ( I I - l )
where 0 i s  the  v a riab le  to  be analyzed, 0 i s  the observed v a ria b le , a  is  
an observational weight (zero  a t  lo ca tio n s  where th e re  a re  no re p o r ts ) ,
3 the  weight on th e  Laplacian o f the  f i e ld ,  and a i s  th e  rad ius o f the 
e a r th . The response o f th e  f i l t e r  can be c o n tro lled  by ad ju stin g  th e  para­
m eter 3. The response func tion  i s  shown in Figure I I - 1. S pecific  d e ta i ls  
concerning the  v a ria tio n a l expansion o f Equation I I - l ,  and i t s  so lu tio n , 
a re  given in  Appendix 2. The value o f 3 se lec ted  corresponds to  a response
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Fig. I I - l .  Response (if) o f f i l t e r  fo r = 5.96 x 10^ kn»^
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near the  Nyquist wavelength fo r  European upper a i r  da ta . In Europe 
is  760 km, so we s e t  the  f i l t e r  "cut o ff"  a t  th is  wavelength. (Cut o f f  
re fe rs  to  the  wavelength a t  which the response f a l l s  to  - .5 ) .  In the  case 
s tu d ie s , RMS tem perature adjustm ents a t  g r id  poin ts contain ing d a ta , ranged 
from .5 to  1.0°C; fo r  winds, .5 to  1.0 m /sec.
S a te l l i te  Data A ssim ilation
I t  may be seen from the previous sec tio n  th a t  since we l e t  the  
response be as la rg e  as .5 fo r  s ig n if ic a n t  contamination could r e s u l t .  
This would be tru e  i f  data  o f no higher re so lu tio n  were a v a ila b le . However, 
we a lso  include tem peratures re tr ie v e d  from s a t e l l i t e  radiance d a ta  (fo r  
s a t e l l i t e s  L^ j = 500 km), (see Appendix 2) to  supplement the  RAOBs and 
surface observations (L^ = 330 km). These data  are ass im ila ted  and coupled 
during the  an a ly sis  process.
Many techniques have been developed to  combine RAOB and SATOB 
data. Some o f  th ese  a re  discussed in  Halem e t  a l.(1 9 7 8 ). As shown in  
Table I I - l ,  th e re  i s  a la rg e  amount o f e r ro r  in  the re tr ie v e d  s a t e l l i t e  
tem peratures. D irec t in se r tio n  o f theseob&e.rv.atjbns in to  a s e t  o f  RAOBs 
normally r e s u lts  in  complete negation o f any b en e fit a n tic ip a te d  through 
increased data  d e n s ity . H illger and Vonder Haar (1979) showed th a t  while 
absolu te values o f th e  tem perature was poor, the  s tru c tu re  o f th e  f ie ld  
given by e i th e r  th e  raw radiance o r re tr ie v e d  tem perature was good, in  
fa c t  comparable to  th e  most dense networks o f RAOBs. Thus i t  would seem 
i f  the  system atic  b ias  e r ro r  can be removed, SATOBs can make a favorable  
co n trib u tio n  to  th e  re su ltin g  a n a ly s is .
The approach taken is  to  fo rce  the  so lu tio n  f ie ld  to  match g rad ien ts  
defined by the s a t e l l i t e  f ie ld  (McGinley, 1979). This process i s  introduced
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during the low pass f i l te r in g / in te r p o la t io n  phase. Equation I I - l  is  
modified as:
Fg = / / /  { &_(8 -8  ) :  + « . ( 9 - 9 .) :  + g (7 : 9) :  r  r  s s
+ Yi (V9-V9g)" + TgXvZg-vZgg):} dnd*dX ( I I - 2 )
Here, the  Laplacian operato rs and v | ,  a re  defined on a sp h e re ,
8y. i s  the observed RAOB tem perature, 9g i s  the s a t e l l i t e  f ie ld  in te rp o la te d  
to  the  g rid  independently , (in  th is  case using I I - l ) .  Terms «^ and «g are  
observational weights on RAOBs and SATOBs, re sp e c tiv e ly . The term with «g 
i s  included fo r  com pleteness, (normally «g w ill be very sm all), i s  the  
weight on the  f i r s t  d e riv a tiv e  o f the  in te rp o la te d  s a t e l l i t e  f i e ld ,  yg fo r  
the second d e riv a tiv e . Expansion o f Equation I I -2  by v a ria tio n a l methods, 
development o f equations and so lu tio n  technique i s  given in  Appendix 3. A 
more complete d iscussion  o f th is  technique and t e s t  re s u lts  i s  given in  
Appendix 1.
Dynamic Coupling
Up to  th is  p o in t the  major accomplishment o f  steps in  the  an a ly s is  
has been to : 1 ) a ss im ila te  various sources o f  d a ta , 2 ) in te rp o la te  
these  data to  a g rid  system, 3) sp e c tra lly  d e lin e a te  the  gridded f ie ld s .
The gridded data  i s  now assumed to  be "observed" a t  each g rid  p o in t, and 
as such w ill rep re sen t the  t i ld e  C) terms in  the  second phase o f  th e  a n a ly s is , 
the  dynamic coupling phase.
We know from th e  equations o f motion th a t  mass (g eo p o ten tia l, $) 
and motion (u , eastw ard motion; v, northward motion) are  linked . Id ea lly  
the  "raw" observations should r e f le c t  th is  coupling . However, data
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c o lle c tio n  e r r o r s ,  in te rp o la tio n  e r ro r s ,  and unresolvable m eteorological 
phenomena w ill produce imbalances o r re s id u a ls  when terms in  the equation 
a re  evalu a ted . In th i s  sec tio n  we impose a c o n s tra in t on th e  mass and 
momentum f ie ld s  which in su res  complete or p a r t ia l  s a t i s f a c t io n  o f the 
geostrophic wind equation and allow s fo r  horizon tal and v e r t ic a l  coupling 
o f these  d a ta .
The f r ic t io n le s s  form o f  the u-momentum equation i s  given as:
I f  + " 1% + V i f  + w I f  + I f  -  fv = 0 ( n - 3 )
where x , y ,  and t  have the  usual meaning, w is  the  v e r t ic a l  motion ( ^ )  in 
a p ressu re  co o rd in a te , p. In an a ly s is  of a sequence o f  d a ta  s e ts .  Bloom 
(1980) showed th a t  one could impose the  time dependent equation  as a strong 
c o n s tra in t on the  f ie ld s  i f  a s u f f ic ie n tly  sh o rt in te rv a l in  time ex is ted  
between observ atio n s . The ta sk  o f  solving a v a ria tio n a l problem o f th is  
type i s  la rg e , since the  d esired  f ie ld s  are four d im ensional. In any 
case , the  r e s u l ts  obtained show th a t  the  so lu tio n s  fo r  mass and momentum 
c le a r ly  minimize the  re s id u a l in  the  equation o f m otion, and as such, 
rep resen t th e  b est dynam ically c o n s is te n t f ie ld s  fo r  d ia g n o stic  work.
Im position o f a s tro n g  c o n s tra in t using the  complete equation o f 
motion was considered fo r  th i s  study. However, an a l te r n a te  course was 
se le c ted  because da ta  a v a i l a b i l i ty  a t  12 hour in te rv a ls  over Europe i s  to  
sparse  to  e f fe c t iv e ly  employ such a technique, (Bloom, 1980).
Sasaki (1970) d iscussed  the  weak c o n s tra in t . Here we impose a 
condition  such as Equation I I -3  o r  an approximation to  I I - 3 ,  and expect 
only p a r t ia l  s a t is fa c t io n  in  a mean sense over the  domain. For problems a t  
synoptic  and regional sca le  such a technique has been shown to  be e f f e c t iv e .
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(B ax te r , 1975: Sasaki and McGinley, 1978, and P h i l l ip s ,  1979).
To develop our method we begin w ith the equation o f motion ( I I -3 ) .
We can e le c t  to  sca le  th i s  equation using ty p ica l values in  our experimental 
region (Buzzi and T ib a ld i, 1977). The length sca le  L i s  app ro p ria te  fo r 
the  la rg e s t  d istu rbances produced by th e  te r r a in .  L i s  re la te d  to  the 
dimensions o f  th e  te r r a in .  In the  case o f the  Alps th i s  i s  about 500 km. 
V elocity  U, ty p ic a l o f w intertim e cond itions is  about 15 m /sec. The time 
sca le  T is  given by T=L/U. Large sca le  v e r tic a l motion can be roughly 
estim ated by evalua ting  th e  upslope c o m p o n e n t ,W (P s fc -P m in )  , where 
rep re sen ts  the  h ighest t e r r a in .  I f  we use these  values to  sca le  the 
terms in  Equation I I -3 , we g e t
- f*v* .  = 0 . ( I I -4 )
The s ta r re d  terms are non-dimensional and o f order 1. The r a t io  is
known as th e  Rossby number, R^. For the  A lps, Rq = .3 . Since f*v* is  
0 (1 ) , then th e  only term to  balance i t  must be . Equation II -4  can 
be w ritte n :
-  f ’^ 'v* + I I *  = 0 ( I I -5 )
where the  f i r s t  term on th e  l e f t  rep resen ts  the sca le  dependent acce lera ­
tio n s  o f  th e  a i r  p a rc e ls , which c re a te  ageostrophic flow.
One can surmise th a t  only small e r ro rs  would be in troduced  i f  the  
term on the  l e f t  o f II -5  were ignored. As such, the  term  rep resen ts  the 
re s id u a l e r ro r  i f  we use the  geostroph ic  wind re la tio n s h ip  ( v = |- | i )  to  
describe  th e  coupling between mass and momentum. As Rq becomes very small 
(la rg e  sca le  te r r a in )  th is  re la tio n sh ip  is  a good approxim ation. For 
sm aller s c a le  phenomena where may be 1, the  e n t i r e  equation  (I I -3 )
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must be used along w ith in troduction  o f  time as an independent v a r ia b le , 
as Bloom (1980) did in  h is  an a ly sis  o f mesoscale data.
With some foreknowledge o f the  expected residual e r ro r  in  Equation 
II-5  over a reg io n , we can choose our w eighting fac to rs  somewhat o b je c tiv e ly . 
I f  we are  proposing to  diagnose processes and imbalances re la te d  to  the  
dimensions o f the  t e r r a in ,  two c r i t e r i a  must be s a t i s f ie d .
1. The data  must resolve the ap p ro p ria te  components o f mass and 
motion.
2. The o b jec tiv e  analysis  must allow  these  imbalances to  pass 
through the  adjustm ent process w ith minimal a l te ra t io n .
The observed data  has been in te rp o la ted  and f i l t e r e d ;  but as m entioned, the 
RMS departu res from the  o rig in a l observations a re  sm all, and hence, the  
essence o f the  raw f ie ld  s t i l l  remains in  the  t i ld e  (~) f ie ld s .  Another 
considera tion  l i e s  in  the  r e la t iv e  q u a lity  o f th e  wind and tem perature 
(g eo po ten tia l) observations. As shown p rev io u s ly , the  measurement q u a lity  
and spacia l d en sity  o f thermal sensing i s  su p erio r to  th a t  o f th e  winds.
We should e x p lo it  th i s  by favoring adjustm ent o f winds over tem perature (or 
g e o p o ten tia l) , in  some system atic way. We demonstrate th a t  by assuming a 
fixed  s t a t i s t i c a l l y  derived r a t io  o f wind to  geopotential data q u a li ty , 
we can reduce the  governing parameter to  a s in g le  weight which c o n tro ls  
the  amount o f  RMS e r ro r  in th e  geostrophic  wind equation over th e  domain. 
F urther, i t  w ill be shown th a t  the  s e le c tio n  o f  th is  weight can be based 
on the  fe a tu re s  o f the  flow (those induced by t e r r a in ) ,  desired  fo r  the  
d iagnostic  study.
Example o f Equation Development and Weighting Factors 
The natu re  o f the  an a ly sis  problem is  th re e  dim ensional. D e ta ils  
o f the  ac tua l a n a ly s is  equation devleopment a re  given in  Appendix 4 . We
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gain in s ig h t in to  the  process by looking a t  s im p lified  a n a ly tica l f ie ld s .
Consider a problem w ith one dimension o f an f-p lan e  (f=fo)* We
have "observed" winds (which may have been derived from th e  previous phase)
defined as U (=const) and v (x ) , and an observed geopoten tial * (x ), which 
are functions o f x alone. The function can now be w r it te n ,
^3 " 1 °  ^W^v-v)" + + % (iy  -  I f ) "  dx
The «-term s are  weights on the  wind, g eo p o ten tia l, and geostrophic e rro r  
re sp ec tiv e ly . These weights a re  constant over the  domain [ o,Xq ]  . Applying 
the v a ria tio n a l o p e ra to r, s e t t in g  the  v a ria tio n  o f Fg equal to  zero (fo r  v
and §  which minimize Fg), and in teg ra tin g  by p a rts  gives
X.0 {V . v U ^ o ÿ L  ) J v .  ( Î .  w
«W + fo °o  °  “
Term a Term b
dx
+ 6*(iy  - I f j l g *  = 0 ( I I -7 )
The two terms a and b in  the  in te g ra l are the  Euler-Lagrange equations which 
must vanish i f  the  v a ria tio n s  6v and 6$ are  a rb i t r a ry  over the  domain.
The l a s t  term defines the  boundary condition .
To obtain  an equation fo r  g eo p o ten tia l, $ , f i r s t  su b s ti tu te  II-7 a  
in to  I I -7 b , we get
$" - =-A$ + fgV' ( I 1-8)
where
A = 2 + + f 2 5*
%  ° “ w
Let the  observed f ie ld s  ($ ,v ) be defined as
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$ = Mg s in k x  - Ufy
V = Vq cos(kx+p)
where p i s  a s h i f t  in  phase o f the  wind re la t iv e  to  the  balanced s ta t e  (see 
Figure I I -2 ) .
Equation I I - 8 ,
 To f in d  the  geopotential adjustm ent $ (= $ ) ,  we modify
* _ -B s in k x  D cos kx
2
Here B = (H^k -f^kVpCOs p) and D = (-f^v^k s in  p ) . Using the v a ria tio n  of 
constan ts method,a p a r t ic u la r  so lu tio n  fo r  is  found.
= B s in  kx- D cos kx .a  a
To sim plify  in te rp re ta t io n  and se le c tio n  o f  the  weighting fa c to rs  the  fu ll  
general so lu tio n  and boundary conditions a re  ignored.
Since the  goal o f  th is  phase o f the  an a ly sis  scheme is  to  contro l
the RMS e r ro r  o f the  geostrophic term (fv  - we find  a f te r  expanding B
(fv -  | | )  = S"ÎA+k2T  cos p cos kx - f^v^ s in  p s in  kx - H^k cos kx].
Squaring and averaging over one wavelength y ie ld s  the mean squared geostrophic 
e r r o r ,  Rg
r i  A /
'  L Jo -  2fgV,kH, COS p] ( I I - 9 )
At th is  p o in t we reduce th e  th ree  weights to  two by defin ing  2 r a t io s
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O
Fig. II-2 . Solid lin e  i s  the input signal representing the "observed” geopotential 
f ie ld . The dashed lin e  i s  the  wind. Dotted l in e  i l lu s tra te s  the wind f ie ld  for 
a  fu lly  balanced flow. The phase lag  p shows the extent to  vdiich the flow i s  un­
balanced.
o
Fig. II-3 . I l lu s tra tio n  o f geostrophic e rro r as a function of wavelength (L) and 
the dynamic scaling parameter ( A ) • Curve BL i s  the root mean square e rro r of 
the unmodified "observed" f ie ld s  |  and 9 . Planar cross-section E3 represents 
Rg as a function o f L fo r A = Aj, » (log A(,=10* ) • ^Hiis choice i s  consisten t with
flow near the Alps.
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We c a ll  Y the "measurement e r ro r  param eter," and A the  "analysis  sca lin g  
param eter." From Table I I - l  we can s t a t i s t i c a l l y  estim ate  the  r e la t iv e  
po in t observational accuracy o f wind and g e o p o ten tia l, y should rep re sen t 
the  r a t io  o f e rro rs  o f  the  in te rp o la ted  f ie ld s  ra th e r  than s in g le  observa­
tio n s . However, we assume th a t  th is  r a t io  i s  re p re se n ta tiv e  over th e  whole 
domain. With s t a t i s t i c a l  data providing a value fo r  y (y = 1.21 x 10^ m ^/sec^), 
the  param eter A becomes the  s in g le  c o n tro llin g  element fo r  the  adjustm ent. 
Equation I 1-9 becomes
= (^0 ^ 0  + kfHg - 2fQVpkHQ cos p)/2 [à{k^  + ^ )  + l]
To c la r i f y  the  meaning o f th is  re la tio n  consider a special case where
observational winds a re  ou t o f phase w ith observed g eo p o ten tia l, P = x* 
kHnLet Vq = -T^. Then
°  Rr, (k )
'a (k^ + f  ) ï ï j
Where Rgfk) = [(fpV^ + k^Hg -  2 fgV^kHg cos p )/2 ] i s  the  geostrophic  e r ro r  
o f  the  observed winds and g eo p o ten tia l. A three-dim ensional p lo t  o f  Rq i s  
shown in  Figure I 1-3. This graph i l l u s t r a t e s  th e  c h a ra c te r is t ic s  o f  the  
RMS e r ro r  compared to  values o f  A and k. Note how Rq decreases as A in c re a se s , 
p a r t ic u la r i ty  fo r  sh o rt waves. There i s  obvious strong  sp ec tra l dependence 
in  the  adjustm ent. Winds a d ju s t  to  h e igh ts  in  accordance w ith Equation II -7 a
1 W 
Vg = fô" air*
The r a t io  o f adjustm ents can be found by d iv id ing  the  RMS $ a d ju s t­
ment by va(va=v-v). We fin d  th is  r a t io  i s  dependent on the  wavelength and 
measurement e r ro r  param eter.
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fV\S
a = Yk
X
This re la tio n  is  p leasing  from th e  perspective th a t  fo r  an imbalance a t  some 
wave number k, the  adjustm ent w ill f a l l  upon wind o r geopoten tial in propor­
tio n  to  the  square o f the  measurement accuracy. From a dynamic persp ec tiv e , 
once Y is  estim ated , the  adjustm ent ra t io  is  dependent on wavelength. As 
Charney shows (Morel, 1973), when the  atmosphere is  in  a s ta te  o f geostrophic 
imbalance, i t  seeks to  a d ju s t geopotential to  winds a t  small wavelengths 
(la rg e  k ) , and winds to  geopoten tial a t  la rg e  wavelengths. The adjustm ent 
ra t io  above operates in  the  same sense.
For actual d a ta , th e  major a lte ra t io n  to  the  d iscussion  above is  
in the  ind iv idual p ro f i le s  o f  Rq fo r  a given data s e t .  In g en era l, they 
do not look l ik e  the  p ro f i le  shown in Figure I I -3 . F il te r in g  in stage 2 
reduces Rq a t  la rg e  k.
S e lection  o f Parameters 
O bservations show the  Alps produce d istu rbances in  th e  flow re la te d  
to  th e i r  length  s c a le . These d istu rbances can be reso lved  by the  da ta . They 
contain  ageostrophic components which can be estim ated . We want these  unbal­
anced wind components to  pass through the an a ly s is  scheme. Large imbalances 
a t  small sca les  which cannot be re s o lv e d ,must be removed. The mean a g eo s tr­
ophic e r ro r  fo r  the  mountain region can be computed roughly be evaluating  the 
ageostrophic flow component.
The ageostrophic w inds, is  v -  ^ W i t h  fv* , the  scaled  
equation fo r  Alps flow can be w ritten
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« . # )  = = f*** - H *
By resca lin g  we get
" | x * where F  is  a re p re se n ta tiv e  (mean) v e lo c ity .
Thus Vg -  RqÏT. This im plies th a t  fo r  a mean flow of 15m/sec the  Alps should
produce ageostrophic flow components o f  4 to  5m/sec. We can now a d ju s t 
Va to  the  proper level by find ing  the  approp ria te  value o f  A.
The follow ing ta b le  shows Rg, Vg, and im plied Rq fo r  both the  ana­
ly t ic a l  function described  by Equation II -9  in  the  previous sec tio n  and data 
from the case s tu d ie s .
The ta b le  shows th a t  the  atmosphere is  in a b e t te r  s ta te  o f balance
than the  wave shown in Figure I I -2 . The most appropria te  choice o f A is
10 9about 10 m fo r the  range o f e r ro r  desired  and the  sca le  o f the  Alps.
V ertical Motion
In general th e  wind f ie ld  derived from Fg does not s a t i s fy  mass 
co n tin u ity . This f in a l phase w ill allow  small adjsutm ents in  the  v e r tic a l 
and horizontal components o f motion to  in su re  th a t  mass co n tin u ity  is  
s a t i s f ie d .  The unbalanced o r ageostrophic horizon tal components o f motion 
co n trib u te  d ire c t ly  to  v e r tic a l  motion. The se le c tio n  of A in  the previous 
phase has an impact on the  magnitude o f v e r tic a l  motion computed k inem atica lly  
(by in te g ra tin g  horizon ta l divergence) from the  wind f ie ld .  For A g re a te r  
than the mass and momentum are  nearly  in balance and thus should
lead to  very small estim ates o f divergence,and in  tu rn , v e r t ic a l  motion.
The kinem atic method fo r  c a lc u la tio n  o f  v e r tic a l motion i s  good 
in regions where wind data is  dense. This is  the  case over Europe, but not 
over the  M editerranean. The kinematic f ie ld s  a re  thus a r e a l1y b iased . A
TABLE I 1-3
E rror in  Geostrophic Equation o f Motion
A naly tical Function (0=20) Case S tudies (12 cases) (0=15)
og A RMS E rror Implied R RMS E rror V. Implied R^
in  m^ ) (x lOPm/sec^) cl 0 a 0
(m/sec)
8 153.1 15.3 .8 126.3 1 2 .6 .8
9 129.4 12.9 .6 107.7 1 0 .8 .7
10 65.2 6.5 .3 20.3 2 .0 .2
11 1 1 .2 1 .1 .05 9 .8 1 .0 .06
12 .4 .04 .0 2 1 .8 .2 .0 1 %
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new approach considers th e  a v a i la b i l i ty  o f thermal data  from s a t e l l i t e s  and 
th e  consequent improved d e f in it io n  o f thermal s tru c tu re  r e la t iv e  to  wind 
s tru c tu re . The kinem atic and dynamic estim ates o f  v e r tic a l motion a re  com­
bined v a r ia t io n a lly . Here we d efine  the dynamic estim ate  as th a t  obtained 
from an app ro p ria te  version  o f  th e  omega equation . Smith and Ping Lin 
(1978) showed th a t  over data r ic h  regions the  kinem atic estim ate  was b e tte r  
than the dynamic e s tim a te , but both c o rre la ted  well w ith independently 
observed clouds and p re c ip ita t io n .
We begin w ith H a lt in e r 's  (1971) version  o f the  steady s ta t e  balance 
form of the  omega eq u atio n ,
where ( '')  defines the  ad ju sted  f ie ld s  from F3 , w = ^ ,  ç is  v o r t i c i ty ,  v 
vector v e lo c ity , T i s  tem peratu re , and S ( = " q |^ )  is  a s t a b i l i t y  param eter. 
The dynamic estim ate  o f  omega from th i s  equation is  the  amount o f  v e r tic a l  
motion necessary  to  m aintain the  atmosphere in  a quasi-balanced s ta te  r e la ­
t iv e  to  the  thermal advection and d i f f e r e n t ia l  v o r t ic i ty  advection .
The te r r a in  induces an e x te rn a lly  forced component o f  v e r tic a l  
motion which en te rs  th e  kinem atic estim ate  through the  lower boundary con­
d it io n . This i s  the  flow forced upward o r downward over the  te r r a in  su rface . 
(We a re  considering  th e  su rface  to  be f r i c t io n le s s ,  and thus e lim in a tin g  the 
e f fe c ts  o f  th e  Ekman la y e r ) .  To sim plify  a p p lic a tio n  o f the  c o n tin u ity  
equation as a s trong  c o n s tr a in t ,  we transform  the  v e r tic a l  coord inate  to  
the sigma system , where o = ^  . Here Pg i s  the  p ressu re  on th e  te r r a in  su r­
face . Such a coord inate  i s  useful in  rough te r r a in  since  th e  su rface  is  
always 0= 1 .
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A technique app lied  in  previous s tu d ie s  (Sasaki, e t  ^ .1 9 7 7 ,  1978) 
and s im ila r  to  the  method app lied  in  an (x , y , z) frame by Dickerson (1978) 
and Sherman (1978), fo rces  the  co n tin u ity  equation to  be s a t i s f ie d  po in t to  
po in t ra th e r  than as an in te g ra l c o n s tra in t . This i s  su b jec t to  the  
minimization o f th e  variance o f wind adjustm ent and v e r tic a l motion.
In functional form th i s  is
F. = JJJ [(u-u)^ + (v -v )2 + t ( o - 0 c)^ + fi(Pç(ÿ^ + 1 ^^. + |£ )  +
^ X ({) a   ^ 3x 3y 3a
U 3P s + v iP s  + l E l  .  p ,  V M U  )1 d a  d*  dx
^  3y 3t  s a  j
11-11
where 3x, 3y are  a cos* 3X, a3* re sp ec tiv e ly ; a is  rad ius o f the  e a r th ; a 
is  the  v e r tic a l motion r e la t iv e  to  th e  a system, Pg i s  su rface  p ressu re ; 
u and V are  ho rizon ta l winds from F3 in te rp o la te d  to  (x ,y ,a ) ;  is  
(computed from Equation 11-10) transform ed to  the  a system; 0  i s  a Lagrange 
m u ltip l ie r .
By taking th e  v a r ia t io n , in te g ra tin g  by p a rts  and assuming the 
appropria te  boundary co n d itio n s , fou r equations are  obtained (see Appendix 5)
u = Û + p 3S2. , 11-12
S 3X
V = V + p M  11-13
s 9y
'  = y  T  #  -
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S u b stitu tin g  equations 11-12 through 11-14 in to  11-15 re s u lts  in  an e l ip t ic a l  
equation fo r XI which i s  solved num erically , w ith boundary conditions which 
fo rce  " v e r t ic a l" motion (w) to  vanish on the  upper, and ô to  vanish a t  the 
lower boundaries, and adjustm ents to  be zero on the  s ide  boundaries.
The c r i t i c a l  param eter in the  adjustm ent i s  the  weight t. By 
allowing x to  vary from small to  very la rg e , one can see th a t  the  v e r tic a l 
motion in  11-14 w ill go from the  kinematic estim ate  to  the  dynamic estim ate . 
Superimposed on the so lu tio n  fo r  v e r tic a l motion is  the  e x te rn a lly  forced 
v e rtic a l motion due to  te r r a in .  By allowing x to  be la rg e  the  so lu tio n  
v e r tic a l motion attem pts to  match the  dynamical estim ate . This r e s u lts  
in very rap id  f a l l - o f f  o f v e r tic a l  motion with height (assuming the  usual 
case in  which the  te r r a in  produces motions la rg e r  than the dynamics o f  the 
flow ). Owing to  the  requirem ents o f mass co n tin u ity  the  adjustm ent f a l l s  on 
the horizon tal wind and flow w ill be forced around the  o b s tac le  ra th e r  than 
over i t .  We can r e la te  th is  to  v e r tic a l s t a t i c  s t a b i l i ty  o f th e  a i r  and 
the implied v e r tic a l  sca le  o f the  adjustm ent process. The depth o f atmos­
phere u ltim a te ly  e ffe c te d  by the  ex te rn a lly  forced motion may be termed a 
sca le  he igh t. Buzzi and T ibaldi (1977) from an a ly tica l experiments deduced 
a sca le  heigh t a s ,
H„ = fL T  (l-R5)’* ( a | | ) - ^  ,3km 11-16
where Ly is  th e  c h a ra c te r is t ic  length  o f the  t e r r a in ,  Rq the  Rossby number 
and ( § - | | ) ^  the  B runt-V aisala frequency, a s t a b i l i ty  param eter. They d is ­
cussed o th er experim ental works in  which m odifications o f s t a b i l i t y  led  to  
s im ila r i ty  o f  so lu tio n s  when normalized by a parameter l ik e  Equation 11-16.
In our an a ly s is  we wish to  dup lica te  the  e f fe c t  o f an im plied
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v e rtic a l sca le  derived from the  te r r a in  sca le  and s t a t i c  s ta b i l i ty .  Let 
weight t be a function o f th i s  v e r tic a l  s c a le ,  and as shown in Appendix 5 
(Figure A -5-1), increasing  x forces more flow p rogressively  around the  
b a r r ie r  ra th e r  than over i t .  The depth o f th e  mountain induced c irc u la t io n  
is  s ig n if ic a n tly  reduced as x in c rease s . Based on the  above v e r tic a l  sca le  
defined by the ambient s t a b i l i ty  and sca le  o f the  A lps, the value o f T 
se lec ted  was 10^^ m*.
Conservation o f P o ten tia l V o rtic ity  in the  Analysis 
We have assumed th a t  m odifications o f the  flow induced by the  
mountains are resolved to  some e x ten t by the  da ta . As shown in  Chapter IV, 
the data does a passable job in  p lacing  the  an ticy c lo n ic  v o r t ic i ty  over 
the mountain, and the  troughs o r cyclonic v o r t ic i ty  in  the le e . However, 
in  the  Pyrenees, owing to  the  lack o f  data over Spain, the an ticyclone 
and lee  cyclone are  not well defined . To c o rre c t t h i s ,  a s im p lified  poten­
t i a l  v o r t ic i ty  c o n s tra in t was developed and i s  d iscussed in Appendix 6 .
This technique was not included in  the  an a ly s is  o f the  case study da ta .
As is  shown in  the  aforementioned appendix, th is  does not have too serious 
an impact on the  r e s u l ts .  However, fo r  fu tu re  s tu d ie s , the p o ten tia l 
v o r t ic i ty  c o n s tra in t w ill be included during the  geostrophic adjustm ent 
phase, F3 .
Summary o f Data Analysis 
Our goal has been to  ob ta in  th re e  dimensional f ie ld s  o f  atmospheric 
conditions over mountainous te r r a in ,  d e ta ile d  enough to  reso lve the processes 
o f lee  cyclone development. This chap ter can be summarized by reviewing 
the  th re e  phases o f the an a ly s is  and weighting terms which play a ro le  in
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the  d e f in it io n  o f th ese  f ie ld s .  Figure I 1-4 schem atically  describes the  
data  a n a ly s is .
1. In te rp o la tio n  and f i l t e r in g .  Insuring  th a t  the  data source
can reso lve  fe a tu re s  under s tudy , weight B i s  se le c ted  to  s p e c tra lly  
define th ree  dimensional f ie ld s  derived from raw RAOB's and SATOB's. 
The f ie ld s  th a t  r e s u l t  are assumed to  be "observed" fo r  the next 
phase.
2. Geostrophic Adjustment. Once a param eter o f r e la t iv e  data  
accuracy, y* i s  defined from s t a t i s t i c s  based on wind and geo­
p o te n tia l observations (Table I I - l ) ,  the  problem reduces to  defin ing  
how much mean e r ro r  remains in  the  geostroph ic  wind re la tio n sh ip  
over th e  domain. We know th a t  th is  e r ro r  i s  re la te d  to  the  sca le  
o f m eteorological phenomena through the  Rossby number. Since we 
want to  re ta in  o r  pass the  ageostrophic flow components induced by 
the  t e r r a in ,  we roughly estim ate  the  amount o f  geostrophic  e r ro r  in 
waves o f th is  sca le  and use th is  to  define  w eight A.
3. V ertica l Motion and V ertical Scaling . The ageostrophic flow 
remaining from phase 2 can allow an estim ate  o f  kinem atic v e r tic a l  
motion to  be computed. However, th e  horizon ta l winds do no t s a t i s f y  
mass c o n tin u ity , p a r t ic u la r ly  when te r r a in  induced v e r tic a l  motion is  
taken in to  account. A second estim ate  o f v e r t ic a l  motion may be 
derived from th e  omega equation . These two estim ates  are  combined 
v a r ia t io n a lly  and linked  through w e ig h tT . This parameter a lso  
su b jec tiv e ly  assigns a v e r tic a l  sc a le  to  th e  adjustm ent p rocess.
This allow s fo r  a lo g ica l p a r ti t io n in g  o f  flow in to  components
over and around the  te r r a in .  (Note: The magnitudes o f  adjustm ents 
in  th i s  phase a re  about one order o f magnitude le s s  than th e  wind 
adjustm ents in  phase 2 . )
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CHAPTER I I I  
FRONTOGENESIS, ENERGETICS, AND VORTICITY 
Frontal Zones
The den sity  o f  da ta  in  the  region o f study does not reso lv e  a tru e  
f ro n t which has a tra n sv e rse  sca le  o f about 100 km. What can be reso lved  
are zones o f b a ro c lin ic i ty  where isotherm s become s tro n g ly  packed and in f lu ­
ence the  development o f  atmospheric cyclones. In th is  chap ter we explore  
the re la tio n sh ip  o f fron togenesis and observed strengthening  o f  th ese  zones, 
and the  ro le  played by te r r a in  in th is  process and in  en erg e tic s  o f  th e  flow. 
The term inology, f ro n ta l zone, i s  used in terchangeably w ith b a ro c lin ie  zone.
The Frontogenesis Equation 
Within th e  l i t e r a tu r e  fron togenesis i s  g en era lly  r e fe rs  to  any process 
which s treng thens the  horizon ta l g rad ien t o f  tem perature w ith in  an a i r  p a rce l. 
P e tte rssen  (1956) defines fron togenesis as
Expanding in  an (x ,y ,p )  frame
T -  1 d(V0»V0)
2|V0| d t
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where 0 i s  p o ten tia l tem perature; u , v , and w a re  the  components o f motion.
This form o f the frontogenesis equation was used by M iller (1948). By 
expanding the parcel d e riv a tiv e s  fu r th e r  we obtain
T =  1 ^  [ v 0 * v || -  ( | V 0 | 2 |  + (02 -  0 2 ) | +  G^e^R + 0 p ( © x V y y ) ) ]  i i i - i
d ia b a tic  divergence s^ re tcA ng  slieanng  ''~ " t ï l î fn g  '
deformati on deformati on
where sub scrip ts  x ,y ,p  re fe r  to  p a r t ia l  d e r iv a t iv e s ;S is  ho rizon ta l divergence;
S and R are  the s tre tch in g  and shearing deform ation, re sp ec tiv e ly  (S=Uj^-Vy;
R=Uy+Vx)'
In th is  form we can evalua te  the im portant components o f frontogenesis 
from terms rep resen ting  e a s ily  ca lcu lab le  q u a n titie s  re la te d  to  the  flow f ie ld .  
Figure I I I - l  i l l u s t r a t e s  schem atically  the components o f fro n to g en esis . The 
d ia b a tic  term includes processes o f la te n t  heat re le a s e , convection, o r 
ra d ia tio n  which serve to  increase  the  local ho rizon ta l g rad ien t o f tem perature. 
The divergence term increases thermal g rad ien ts  by converging a i r  with d i f ­
fe re n t thermal p ro p e rtie s . Deformation, can rap id ly  in crease  thermal 
g rad ien ts  ty p ic a lly  near th e  ground. As Kessinger and B luestein  (1979) 
d iscu ss , the  increase  o f the  thermal g rad ien t by the deformation mechanism 
may even tually  produce secondary d ir e c t  c irc u la t io n s , which w ill then 
induce frontogenesis from the divergence process as w ell.
As shown by La Suer (1974) the  t i l t i n g  term plays th e  most im portant 
ro le  in  middle and upper le v e ls . G radients in  v e r tic a l  motion rap id ly  increase  
fro n ta l zone s tren g th  p a r t ic u la r i ty  where atm ospheric s t a b i l i t y  is  la rg e .
In the  absence o f horizon tal thermal g ra d ie n ts , the  t i l t i n g  and d iab a tic  
terms are  the  only mechansims which can i n i t i a t e  a f ro n t. This has impor­
ta n t  consequences where v e r tic a l  motion i s  forced e x te rn a lly  by ir re g u la r  
te r r a in .
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Frontal S treng th  and A vailable P o ten tia l Energy 
The energy o f the  atmosphere takes a v a r ie ty  o f  forms. A volume of 
a i r  with r ig id  side  boundaries and extending through the  depth o f the  atmos­
phere contains k in e tic  (KE), p o te n tia l (PE), and in te rn a l energy (IE ). These 
are  defined fo r  a u n it a rea  as
KE = J^ (u^+v^)dz, PE = J p $  dz, IE = J ^ y T  dz
where §  is  the  g e o p o ten tia l, Cy th e  s p e c if ic  heat o f  a i r  a t  co n stan t volume, 
and T is  tem perature.
In the  volume th e  to ta l  o f  these  q u a n titie s  must be co n stan t fo r 
a d ia b a tic , h y d ro s ta tic , and f r ic t io n le s s  p rocesses. Using H olton 's  (1972) 
simple example (F igure I I I - 2 ) ,  assume th a t  two juxtaposed a i r  masses o f 
d if f e re n t p o te n tia l tem perature, and Gg, (G£>Gj) a re  contained in  such 
a volume, and separa ted  by a p a r t i t io n .  I f  the a i r  i s  i n i t i a l l y  a t  r e s t ,  
the  to ta l energy, TE is
TE = (PE + I E ) j  + (PE + IE)g.
Since we know th a t  PE and IE a re  re la te d  by a co n stan t (IE= ~  PE= ^  PE) 
then TE= g^PE^+PEg). When the  p a r t i t io n  i s  removed the  a i r  a d ju s ts  in  
response to  pressure  fo rces  and k in e tic  energy is  generated . The to ta l  
energy must be conserved so th e  KE produced must be
KE =  I  (P E ^  +  P E g )  -  PEy. = APE .
PEp, the reference  p o te n tia l energy is  the  minimum p o ssib le  p o te n tia l energy 
assuming an a d iab a tic  r e d is t r ib u t io n  o f  mass, so th a t  Gg is  everywhere above 
Gj. The term APE is  c a lle d  th e  av a ilab le  p o te n tia l energy (h e re a f te r  c a lled
2 5 0
5 0 0
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o
Pig. I I I -2 . Conversion o f p o ten tia l energy in to  k in e tic  energy, fo r
a . A vailable P o ten tia l Energy a t  maximum; strong pressure accelerations; 
K inetic energy i s  zero.
b. A ll APE converted to  KE; a ir  i s  in  motion.
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APE), s in ce  i t  allows us to  estim ate  th e  amount o f  energy in  the  volume able 
to  generate  motion (or storm s). In a very crude way the  p a r t i t io n  rep resen ts  
a b a ro c lin ie  zone, and i t s  removal rep re sen ts  th e  development o f  a weather 
system. L ater we w ill show th a t  the amount o f  KE derived from th is  process 
is  a func tion  o f the tem perature c o n tra s t across a " fro n t" . The means by 
which p a rce ls  1 and 2 obtained th e i r  d if f e r in g  ch arac te r and po sitio n in g  
can be re la te d  to  the frontogenesis p ro cess , Gutman (1969).
Using more so p h is tica ted  techniques o f  Johnson (1970), Wei (1979), 
and H a ltin e r (1971), we w ill c a lc u la te  APE and KE o f volume systems and 
r e la te  th ese  to  the  te r r a in  induced fro n to g en es is . The f in a l i l lu s t r a t io n  
in  Figure I I I -2  showed the  "minimum" to ta l  p o te n tia l energy co n d itio n ; th a t  
i s ,  h y d ro s ta tic a lly  s t r a t i f i e d  with no h o rizon ta l g rad ien ts o f  0 . Within 
any se le c ted  volume in the  rea l atmosphere a s im ila r  energy s ta te  can be 
defined .
We can derive Johnson's (1970) expression  fo r  a v a ilab le  p o ten tia l 
energy from the  re la tio n  APE=TPE-TPE^, where TPE i s  the  to ta l  p o te n tia l 
energy. We know th a t  fo r  a h y d ro s ta tic  atmosphere
p CyT dz, 
pCyT dz.
PE + IE = j['p$ dz +
= j  pgzdz +
= J p  dz  + J"pCyT dz.
Using th e  equation o f  s t a t e ,
= rp(Cy+R)T dz,
Jo p f ,
= iJ ^ C p T d p  .
where th e  to ta l  p o ten tia l energy is  (IE + PE). Thus, fo r  a u n it  c ross 
sec tio n  o f  area  A,
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TPE = ^ T  dp dA ,
and
^ S - o
From P o isson 's  equation , T = 0(._Ê_)'^ and Ty. = 0 (7 ^ ) " ^ ,  we g e t
APE .  TPE -  TPE, = &  j [ p 6 ) ' -  ( & ) "  dp dA
This expression has been used by Johnson (1970), Edmon (1970) and Wei (1979) 
to  compute APE. The term € is  the e ff ic ie n cy  fa c to r . This has the  d e f in itio n  
( = l - ( ^ )  where p is  the  pressure and su b sc rip t r  r e fe rs  to  the  reference 
p osition  o f an is e n tro p ic  su rface . The term "effic ien cy "  re fe rs  to  the 
e f fe c t  o f d ia b a tic  heating i f  applied  a t  a p a r tic u la r  lo ca tio n  in  the volume. 
I f  ( i s  p o s itiv e  then the d ia b a tic  con trib u tio n  w ill in c rease  the  APE, and 
vice versa. The re ference  pressure requ ires  a fu r th e r  d e f in it io n
Pr(G) " S’ P(x,y,0)dA
Py, is  the  a re a l ly  averaged pressure on a 0 su rface . I t  rep resen ts  the 
hypothetical equ ilib rium  level a given 0  surface would reach i f  re d is tr ib u te d  
a d ia b a tic a lly  and h y d ro s ta tic a lly  w ith in  the  volume. Using Van Mieghem's 
form ulation, Wei (1979) shows th a t  th i s  s ta te  rep resen ts  a t  le a s t  a regional 
minimum in  th e  to ta l  p o ten tia l energy.
The time r a te  o f change fo r APE (Equation I I I -2 )  i s  derived by Edmon
(1978). The d i f f i c u l t i e s  in applying a physical in te rp re ta t io n  to  the various 
terms render th i s  approach somewhat f u t i l e  from a d iag n o stic  s tandpo in t. The 
-method we use to  describe the changes in  energy w ill be d iscussed  fu r th e r  on.
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To explore the l in k  between APE and fro n ta l s tre n g th , F, consider 
a simple case where p o te n tia l tem perature in  a volume i s  defined as
0 (x ,p ) = Fx + S(p-Pp) + @0
with jV^Gl = F; 0 (0 , p^) = 0^ , S i s  a mean s t a b i l i ty  param eter, .
We want Py, and ( so
p (x ,0 ) = X + + Pq >
L/2
dx
1
PpfG) = L I P(x,0) 
-L/2
(0-00)
S ^0+ Pr
and.
P r(x .P ) = I  X + p
One can see im e d ia te ly  th a t  th e  reference  pressure  i s  a function  o f F. I f  
F = 0 , Py. = p and € = 0 . Thus no APE e x is ts  in a region w ithout fro n ta l 
s tren g th . We can use Equation I I I - 2 ,  and formulas fo r  €, and T(0) to  
find
APE = [T  +1)*) (Fx + S(p-p„) +S„) dp dL
L 0
This in teg ra l is  evaluated  and th e  p lo t i l lu s t r a te d  in  Figure I I I - 3 ,  which 
shows APE in a volume versus F. APE increases ra p id ly  fo r  the  range of 
commonly observed fro n ta l zone in te n s i t ie s  and standard  s t a b i l i ty .
P a r ti t io n in g  o f  Energy Q uan tities 
As d iscussed , th e  re le a se  o f  APE allows th e  development o f  k in e tic  
energy which moves the  system towards the minimum p o te n tia l energy s ta t e .
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This motion i s  in  the  form o f developing d isturbances o r cyclones. For 
th e  open type volumes being considered  in our case s tu d ie s , the  generally  
la rg e  magnitude o f  energy f lu x  through the  sides o f  the  volume make i t  
d i f f i c u l t  to  ob tain  an e x p l ic i t  re la t io n  between decreases in  APE and 
increases in  KE (Edmon, 1978; Wei, 1979). For completeness we look a t  
the  c o n tin u ity  o f k in e tic  energy and computations describ ing  th e  t ra n s i t io n  
o f the  various energy components, even though we may only ob ta in  q u a li ta t iv e  
re la tio n s h ip s .
H a ltin e r (1971) and Holton (1972) show methods to  ev alu a te  APE in 
a s im p ler, more approximate way than the  Johnson method. While these  
techniques a re  more app rop ria te  fo r  evaluation  o f global energy budgets 
in  a closed framework, they can be app lied  to  open systems i f  the  volume 
extends over one wavelength o f  i n t e r e s t ,  and boundary e f fe c ts  can be 
e lim inated  o r evaluated . The energy components are  d iv ided  in to  mean and 
p e rtu rb a tio n  q u a n tit ie s . The volume mean describes the  ambient o r background 
co n d itio n s , while the  p e rtu rb a tio n s  p e rta in  to  the  cyclone system. We have
KE = f  f  (ïï^+ \ P )  dp dA 
ZgA
KE'= f  f  {(u-IT)^ + (v-7)^} dp dA 
2gA J  A -^ p
where â  i s  th e  sp e c if ic  volume, th e  reference s p e c if ic  volume and a'= 
a - a. a  i s  th e  s t a b i l i ty  param eter. With the  in c lu sio n  o f  f r ic t io n a l  
e f fe c ts ,  Fq, and d ia b a tic  sou rce-s in k  term , S we must have, fo r  a closed 
system
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Fig. I I I -3 .  A vailab le p o ten tia l energy versus mean fro n ta l s tren g th  in  a 
volume elem ent. In se t shows p o te n tia l tem perature d is tr ib u tio n  in volume 
c ro ss -se c tio n . S i s  .05° K/mb, a re p re se n ta tiv e  lapse  ra te  fo r  the 
troposphere over Europe.
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To d escribe  the  transform ation  o f these  q u a n ti t ie s ,  o th e r in teg ra l 
re la tio n s  a re  adapted fo r  use in  an open volume. The changes in  a volume 
fo r  which boundary fluxes vanish are
M  = [kE"-». Ke] + [ape h. Ke] - [kE F q ]
= [lŒ KE"] + [aPE" -»■ KE"] -  [ kE"-v F"]DKEDt
dape = [ap e"  -»■ ap ^  + [ke -»■ ape] + [s -»■ ape]
= [ ape APr] + [  KE' APE"j + [s ape]
Dt
DAPE
Dt
where (->•) re fe rs  to  the  t r a n s i t io n  process; and A  are the  volume changes.
The six  t r a n s i t io n  processes can be evaluated fo r a quasi-geostroph ic  system
in teg ra ted  over one wave length in a volume moving in  a quasi-Lagrangian 
sense. From Holton (1972) and Appendix 7:
1. |KC" K:]= -  ^  dp dA
2. [âPË -^Iœ]=  E  w dp dA
3. [ape" -> ke]  = - ^ r |P o  a"w"dp dA
^ V o   ^ ^  n i - 3
4 . \ m  APE"] = - 1  è  VT-(V"T") dp dA
^ A 0
5. KE 4 . ^  = 6pc3/2 Vg
6. KE" +  %" = 6p c3/2
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where Gg is  the  geostrophic  v o r t ic i ty ,  and o th e r symbols have been sp e c if ie d . 
The l a s t  two terms a re  param eterizations o f f r ic t io n a l  e f fe c ts  as used by 
P ette rssen  and Sembye (1971). i s  the  v e lo c ity  a t  the  ground; p i s  
den sity ; and c i s  th e  eddy v isco s ity  which ranges from .0010 to  .0045 (mks) 
from f l a t  te r r a in  to  mountains. By evaluating  th ese  q u a n titie s  we may 
gain some in s ig h t in to  the  energy t r a n s fe r  processes w ith in  the  volume, and 
can use these  instan taneous energy tra n s i t io n s  to  explain  the observed 
changes in the  bulk q u a n tit ie s . However, th e  form ulated conversions and 
tra n s fe rs  are  approximate and ru le  out sm aller sca le  processes ( i . e .  in e r t ia -  
g rav ity  wave proposed by Buzzi and T ib a ld i, 1978). A lso, the  assumption 
about fluxes vanishing on the boundaries o f  quasi-Lagrangian volume can 
introduce e r ro r s .  The im portant processes re la te d  to  ra d ia tio n , la te n t  
heat and d is s ip a tio n  in subgrid systems a re  not e x p l ic i t ly  evaluated or 
param eterized. (They can, however, be defined through re s id u a ls ) . In any 
case , we can see i f  th e  energetics  o f  le e  cyclogenesis are p a r t ia l ly  explained 
by quasi-geostrophic  form ulation. See Appendix 7 fo r  fu r th e r  comments.
The m otivations fo r  including energy in  th is  study of lee  cyclones 
are  twofold. One is  to  provide a lin k  between th e  obvious fron togenetic  
fea tu res  o f flow over and around the  Alps and the  impact on the  energy 
av a ilab le  fo r  cyclone development. The second reason is  to  provide a b asis  
o f comparison to  o th e r works in  which an energy cycle  was derived (O ort,
1964; Dutton and Johnson, 1967; and Wei, 1979). The Oort study is  i l lu s t r a te d  
in Figure I I I -4  fo r  a hemispherical reg ion . The mean q u a n titie s  o f each 
energy type and th e  t r a n s i t io n  ra te s  are  given as shown.
The energy tra n s fe rs  fo r  a c la s s ic a l  developing cyclone are well 
documented. Beginning w ith a background thermal g rad ien t and a mean flow , 
a pertu rb a tio n  w ill grow i f  i t  has the  proper sca le  fo r  the  given amount o f
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Fig . I I I - 4 .  Energy cycle fo r  the  Northern Hemisphere. Bulk enerav 
q u a n tit ie s  are  given in Joules/m* x 10®. Energy transform ation  fioL re  
a re  in  Watts/m". Symbols used are explained  in the  te x t  or are  labeled  
above. A fte r Oort (1964).
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b a ro d  in ic i ty .  Once advection processes begin , the  local thermal g rad ien t 
in te n s if ie s  in  th e  v ic in i ty  o f  the  cyclone. This i s  th e  process th a t  
generates the  p e rtu rb a tio n  APE. In the  nex t stage th e  rap id ly  in te n s ify in g  
c irc u la tio n  in c reases  the  thermal advection and hence th e  v e r tic a l  c i r c u la ­
tio n s  which convert APE' to  KE'. Low level convergence increases th e  
stren g th  o f th e  su rface  c irc u la t io n . F r ic tio n  now plays an im portant ro le  
in  d is s ip a tin g  KE' and converting KE' to  lŒ through Ekman induced "spin 
down" p rocesses, (v o r t ic i ty  flux  d ivergence). The main flow o f  energy 
in th is  c la s s ic a l  quasi-geostroph ic  case i s  from ÂPË to  APE', to  KE', to  lŒ 
and Fq. The s tru c tu re  o f the  lee  cyclogenesis energy cycle is  shown in  the  
next chap ter.
V o rtic ity
The development o f a lee  cyclone can be traced  through the  changes 
in  the  r e la t iv e  v o r t ic i ty .  The v e r t ic a l  component o f r e la t iv e  v o r t i c i ty  is
 ^ ly
The v o r t ic i ty  equation fo r f r ic t io n le s s  flow is
I I  + V*Vç + ( ç  + f ) V ' V  + k - V ü 3 x | ^ = 0wt . dp , j I __   PKy
horizon ta l v e r t ic a l  convergence t i l t i n g
advection advection
From th e  perspec tives o f our s tu d y , we would l ik e  to  ev a lu a te  th e  
terms in  the v o r t i c i ty  equation based on th e  derived flow s tru c tu re . With 
pressure as th e  v e r t ic a l  coordinate  th e  e f fe c ts  o f  in te n s if ic a t io n  o f  th e  
fro n ta l zone in  th e  v ic in i ty  o f the  developing cyclone a re  im p lic it  w ith in  
the convergence term . From a q u asi-geostroph ic  view, thermal and d i f f e r e n t ia l
50
v o r t ic i ty  advection w ill lead  to  upward (or downward) motion, and through 
mass co n tin u ity  to  streng then ing  (o r weakening) o f  the  cyclone a t  low 
lev e ls  through convergence. The e ffe c ts  here a lso  appear through the  
t i l t i n g  term , although a t  a sm aller magnitude. The upward/downward motion 
couplet in te ra c ts  w ith v e r tic a l  windshear (a function  o f  f ro n ta l s tren g th ) 
and t i l t s  a sso c ia ted  horizon ta l v o r t ic i ty  in to  the  v e r t ic a l .
Flow over a mountain a lso  produces couplets o f v e r tic a l  motion as 
described above. Owing to  th e  s tren g th  o f the  v e r tic a l  motion, and the 
sca le  o f the  v e r tic a l  c i r c u la t io n ,  th is  term may play a much la rg e r  ro le  
than fo r a case w ith smooth te r r a in .  Another e f f e c t  occurs as an a i r  
column moves downslope (as shown in Chapter 1 ). S tre tch in g  produces 
horizontal convergence which increases the r e la t iv e  v o r t ic i ty  through the  
convergence term.
As d iscussed  by P e tte rssen  and Smebye (1971), superposition  o f 
dynamic and e x te rn a lly  derived  v e r tic a l motion processes can produce rap id  
cyclone development. These cyclones have a s tru c tu re  d if f e r e n t  from the  
c la s s ic a l cyclone in  th a t  th e  c irc u la tio n  ax is  i s  n early  v e r t ic a l .  Develop­
ment is  most in ten se  a t  middle le v e ls  and occurs very ra p id ly  through 
the  column (~1 Day). P h il l ip s  (1979) showed a cyclone in  the  le e  o f  the 
Rockies which had a s tru c tu re  and evolution s im ila r  to  th e  P e tte rssen  model. 
The question  o f  th e  ro le  played by the Alps in  cyclone development is  
explored in  th e  next chap ter.
CHAPTER IV 
CASE STUDIES AND RESULTS
Using the analyzed f ie ld s  we w ill show how th e  mountains influence 
the  m odification of the  fro n ta l zone and consequent cyclone development.
Synoptic S itu a tio n
The cases se lec ted  a re  taken from da ta  provided by the  Data Set 
Test program supervised by the  National Aeronautics and Space Adm inistration 
(Halem, e;t 1978). These data  c o n s is t o f rawinsonde, s a t e l l i t e  rad iance , 
su rfa ce , ship and a i r c r a f t  re p o rts . The da ta  have been subjected  to  checking 
both before dissem ination and w ith in  the  p resen t an a ly s is  scheme. Figure 
IV-1 shows the region o f  study , t e r r a in ,  and the  data a v a ilab le  fo r  a rep res­
e n ta tiv e  tim e. This data  was co lle c te d  a t  00 and 12 GMT, which fo r  the 
cen tra l p a r t  o f our experimental region i s  about local midnight and noon, 
re sp ec tiv e ly . The Alps and Pyrenees a re  represen ted  as shown.
The synoptic s i tu a t io n  during 9 to  16 February 1976 had two periods 
o f  lee  cyclone development. The f i r s t  (h e re a f te r  re fe rre d  to  as LCD I) 
occurred from the  11th to  the  12th, w hile th e  second (LCD I I )  occurred from 
the  13th to  the  15th. In the  f i r s t  case th e  cyclone develops rap id ly  and 
d is s ip a te s  s im ila rly . In the  second case th e  cyclone p e r s is ts  fo r  th ree  
days.
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. F ig . IV-1.
a . European te rra in  (contour in te rv a l 500 m). b . Region o f analysis (vrorking g rid ) , w ith RflDB ( # ) ,
s a te l l i te  (s), and surface observations (+), ind icated .
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Figures IV-2 and 3 show surface and 500 mb c h a rts  fo r  the  region. 
S ig n ific an t clouds obtained  from v isual s a t e l l i t e  imagery a re  keyed on 
the fig u res  as to  th e i r  r e la t iv e  heights (low, m iddle, o r  h igh ). Upper level 
flow to  the  west over the  A tla n tic  showed an am plifying rid g e  and development 
o f northw esterly  flow over Europe. The upper d is tu rbances a sso c ia ted  with 
the surface cyclone development both moved southeastw ard and in te rac ted  
strongly  w ith the  A lps. The fo n ta l zones asso c ia ted  w ith these  waves both 
underwent s ig n if ic a n t  streng then ing  as shown in  c ro ss -se c tio n a l analyses 
(normal to  the f ro n t)  in  Figures IV-4 and 5. These f ro n ta l  in te n s if ic a tio n s  
were followed immediately by very rap id  cyclogenesis. The i n i t i a l  conditions 
fo r  both case s , w ith re sp ec t to  winds, v o r t i c i ty ,  and therm al g ra d ie n ts , were 
not e x tra o rd in a rily  s tro n g . As such, these cases most l ik e ly  rep resen t 
the  ty p ica l lee  cy c lo g en esis , and should b e tte r  reveal th e  in fluence  of 
the  mountains in th e  development process.
Quasi-Lagrangian Volumes 
To f a c i l i t a t e  the  an a ly s is  o f bulk q u a n t i t ie s ,  th e  region is  divided 
in to  se ts  o f moving volumes designed so th a t  th e  e n t i r e  cyclone and upper 
wave is  contained th e re in . This has been done in  o th e r  s tu d ie s  by Wei
(1979), and Sasaki and McGinley (1978). In a d d itio n , ano ther volume 
element remains fix ed  to  th e  lee  region so th a t  processes a sso c ia ted  with 
the mountains may be more c le a r ly  seen. This i s  s im ila r  to  techniques 
applied  by P e tte rssen  and Smebye (1971) and T ibald i e t  (1980). Figure 
IV-6 i l lu s t r a t e s  th e  placement o f a volume over a cyclone and fro n ta l system. 
Some q u a li ta tiv e  judgement is  needed to  decide where the  volume should be.
An e f f o r t  is  made to  make a volume la rg e  enough to  con tain  one wavelength o f 
the  upper in i t i a t in g  wave. As an example. Figure IV-7 shows placement o f
Fig. IV-2. Surface weather ch arts a t  12 hour in te rv a ls  from 11 Feb. 00 (MT to  
15 Feb. 12 GMT. KEV:
isobars (mb) A» low pressure cen ters
surface fro n ta l p o sitio n  high pressure cen ters m
700 nb fro n ta l position
low to  middle clouds middle to  high clouds
• •  p rec ip ita tio n
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Fig. IV-3. 500 M illibar Charts a t  12 hour in te rv a ls  corresponding to  surface ch arts
in  IV-2. Major geographic featu res a re  ou tlined .
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Fig. IV-4. Southeast to  northwest cross section  through fro n ta l zone fo r 
11 Feb. 12 GMT and 12 Feb. 00 CMS. Solid lin e s  a re  isentropes (deg) ; dashed lin e s  
a re  winds normal to  cross section  (n/sec) ; and dotted  lin e s  a re  onega values (mb/sec 
X 10”3). Peak a t  46 N i s  a portion  o f th e  ALpine-Pyrenees chain. Note how 
strengthening o f b aroclin ie  zone occurs (increased n e t slope o f insentropes) during 
period.
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Fig IV-5. Southeast to  northwest cross section  fo r 13 Feb. 12 GMT through 14 Feb.
12 GMT. Symbols a re  described in  caption fo r IV-4. Sim ilar fro n ta l zone strenthening 
i s  seen here as w ell.
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Fig. IV-6. Schematic i l l u s t r a t i o n  showing placement o f  a volume over a 
c y c lo n e /fro n ta l zone system. S o lid  symbols show su rface  p o s i t io n s , w hile 
open symbols in d ic a te  upper a i r .  Top o f  volume was 200 mb le v e l .  Boundaries 
o f  volume a re  se le c te d  to  minimize energy flu x  as shown in  Appendix 7.
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Fig. lV-7. Actual placement o f volume over systems on 12 Feb. 00 GMT and 14 Feb. 
00 GMT during IXZD I  and LCD I I  , respective ly . Solid symbols in d icate  surface 
postions, vM le open symbols are  upper a ir  (500 mb) p o sitio n s. % e broken lin e  
in d icates th e  500 irb tro u ^  ax is .
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volumes over fe a tu re s  a t  00 GMT Feb. 12 and 12 GMT Feb. 14.
As the  f ro n ta l zones in te ra c ted  w ith the mountains th e re  was an 
increase  in  the  horizon ta l tem perature g rad ien t. This has been seen prev­
iously  in  o th e r  cases (Sasaki and McGinley, 1978), and served as the  prime 
m otivation fo r  th is  study. Figure IV-8 shows the mean fro n ta l s tren g th  in 
the volume as a function  o f time fo r both LCD I and I I .  Symbols in d ica te  
when th e  leading  edge o f the 700 mb fro n ta l zone was positioned  over the 
A1ps-Pyrenees a x is . C learly  the fro n ta l s tren g th  increased s ig n if ic a n tly  
as i t  in te ra c te d  w ith the  mountains. In ad d itio n  to  prev iously  mentioned 
s tu d ie s , numerical work by Merkine (1975), and Trevisan (1976) showed s im ila r 
fro n ta l zone ev o lu tio n .
I t  seems c le a r  th a t  the  mountain range played some ro le  in  the  
fro n to g en e tic  p rocess. Figure IV-9 p resen ts  the wind deform ation and v e rtic a l 
motion f ie ld  a t  600 mb fo r LCD I (12 GMT Feb. 11). This level i s  j u s t  above 
the h ighest peaks in  the  Alps. The a x is  o f  d i la ta tio n  a sso c ia ted  w ith the 
deform ation f ie ld  rev eals  th a t  a po rtion  o f  the  flow s p l i t  and moved around 
the Alps. The v e r tic a l  motion f ie ld  shows the  up/down couplets which c rea te  
fron togenesis through the  t i l t i n g  term . The fron togene tica l r a te  is  shown 
on Figure IV-9c, which i l lu s t r a t e s  the  combined e f fe c t  o f both p rocesses.
Near the  mountain the  fro n ta l zone increased  by a fa c to r  o f 2 every 12 hours. 
The in fluence  o f th e  fro n ta l s treng then ing  can extend to  le v e ls  above the 
te r r a in  because o f  th e  coupling o f th e  thermal f ie ld s  and wind shear.
Figure IV-9d shows th e  flow d e fle c tio n  a t  500 mb owing to  the  fro n ta l 
streng then ing  and re ta rd a tio n  o f the  cold a i r  by the mountains.
A good share o f the  mean flow impinging on the  northw est face o f 
the  Alps i s  forced up and over the  b a r r ie r .  This is  shown in  th e  following
uF 12 
(°/1000km)
8
A
------------ r~
Feb 11
—r—
12
—r -
13
—r—
U
~ r “
15
Pig. IV-8. Mean fro n ta l zone streng th  w ithin volume versus time fo r both cases. 
MDuntain symbol in d ica tes time vdien southern edge o f 700 nib baroclin ie  zone 
was over the Alps-Pyrenees ax is .
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Fig. IV-9. Frontogenetic components over region a t  700 nib on 11 Feb. 
12 o«r.
a . Flow deformation w ith ax is o f d ilita tio n  ind icated , (sec~l 
X  10-5).
b . V ertical motion (omega) in  irb/sec x 10-3.
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F ig . IV -9 . F ro n to g e n e tic  com ponents o v e r re g io n  a t  700 mb 
on 11 F eb . 12 GMT.
c . Frontogenesis ra te , (deg I^/lOOOkm-sec x 10“^)
d. Wind flow a t  500 mb, (it/sec)
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ta b le  which decomposes the fro n to g en e tical r a te  in to  the  component terms. 
Owing to  a lack o f r a in fa l l  and ra d ia tio n  d a ta , th e  e f fe c ts  o f d ia b a tic  
processes could not be e x p l ic i t ly  evaluated .
Table IV-1
Components o f Frontogenesis fo r  a Region Within 100km o f th e  Alps
(deg/1000km/24hr)
Deformation/ Observed Change in Frontal S trength  fo r
Period Total Convergence T i l t in g  Portion Crossing the Alps_______
11/00
to
12/00
GMT 22.5 2 .0  20.5 21.2
13/00
to
14/00
GMT 37.6 3.8 33.8 27.5
The ta b le  shows th a t  t i l t i n g  i s  the  most im portant mechanism fo r 
th e  fro n ta l in te n s if ic a t io n . The observed fro n ta l s tren g th  i s  computed fo r 
a small volume which follows the  fro n t and in te ra c ts  d ire c t ly  with the Alps.
Figure IV-10 i l l u s t r a t e s  th e  change in  low level b a ro c lin ic ity  fo r 
the  two cases. The blocking by the Alps and surging o f the  a i r  down the 
Rhone V alley has been shown to  a l t e r  the  shape o f the  fro n t as w e ll. This 
is  seen here to  some e x te n t, but b e t te r  examples can be seen in the  o th er 
c ite d  s tu d ie s .
V o rtic ity
Figures IV-11, 12 show v o r t ic i ty  a t  850 mb fo r the  two lee  cyclone 
periods. Weak cyclones formed 12 to  24 hours p r io r  to  the  rap id  cyclogenesis. 
The major developments occurred between 00 and 12 GMT on 12 Feb and from 12
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Fig. IV-lOa. Geopotential (-------) , and tem perature (------- ) f ie ld s  a t
850 mb, showing increase in  horizontal tem perature g radient as feontal 
zone in te ra c ts  w ith mountain range on Feb. 11 and 12.
aPEB 1 3 .  19V6 12 GMT LVL 850  MB
N  ; n  ; ;  H  H
FEB 14. 1976 12 GMT LVL 850  MS
Fig IV-lOb. Geopotential (-------) and tenperature (------- ) f ie ld s  a t
850 itto, showing increase in  horizontal tem perature gradient as frontal, 
zone in te ra c ts  w ith mountain range on Feb. 13 and 14.
Fig. IV-11. R elative v o rtic ity  fo r 850 nib during period 11 to  12 Feb. fo r 
LCD I .  V o rtic ity  i s  in  u n its  (sec”l  x 10 .
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Fig. 3V-12. R elative v o rtic iiy  fo r 850 mb during period 13 to  15 Feb. fo r 
LCD I I .
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GMT 13 Feb to  12 GMT 14 Feb. An in te re s t in g  fea tu re  i s  the  evo lu tion  o f the  
v o r t ic i ty  ax is  w ith tim e. This i s  shown in Figures IV-13. Note th a t  when 
development occurred the  ax is  was n early  v e r t ic a l .
Previous in v e s tig a to rs  (Buzzi and T ib a ld i, 1978; P e tte rssen  and 
Smebye, 1971; and P h i l l ip s ,  9179) in d ic a te  th a t  lee  cyclogenesis occurs in 
two s tag es . In th e  f i r s t ,  a cyclone o r re la t iv e  v o r t ic i ty  maximum forms in 
response to  flow over th e  b a r r ie r ,  normal to  the ridge l in e .  This pheno­
menon, a consequence o f  conservation  o f p o ten tia l v o r t ic i ty ,  a lso  induces 
an an ticyclone  over the  mountain. Buzzi and Tibaldi (1977) a t t r ib u te  the  
streng then ing  o f th i s  cyclone to  Ekman e f fe c ts .  However, the  maximum 
s tren g th  and depth th a t  a ty p ica l lee  cyclone can a t ta in  i s  l im ite d . In 
the  second s tag e , th e  superposition  o f  v o r t ic i ty  advection and consequent 
upward v e r tic a l  motion (asso c ia ted  w ith an approaching upper lev e l wave), 
combine w ith the  low level e f fe c ts  o f blocked cold a i r  and downslope motion 
to  produce rap id  cyclogenesis in  what P ette rssen  terms a "Type B" development. 
This d istu rbance  i s  ch arac te rized  by a c irc u la tio n  ax is  th a t  is  nearly  
v e r t i c a l ,  in  c o n tra s t  to  th e  more c la s s ic a l  "Type A" s tru c tu re  which has an 
ax is  th a t  t i l t s  westward with h e igh t. Our an a ly sis  suggests th a t  LCD I was 
a Type B development, w hile LCD I I  was more a Type A.
From another view, we can look a t  the  Eulerian changes in  v o r t ic i ty  
and v e r tic a l  v e lo c ity  fo r  the  volume (see Figure IV-14) placed in  th e  lee  
o f  the  Alps. In Figure IV-15, h o riz o n ta lly  averaged v o r t ic i ty  is  p lo tte d  
a g a in s t tim e, fo r  both LCD I and LCD I I .  The evolution c le a r ly  shows the 
change from the  p rim arily  te r r a in  induced shallow system (c a ll t h i s  the  
orographic s ta g e ) , ch arac te rized  by downward v e rtic a l motion a t  low le v e ls ,  
and negative  v o r t ic i ty  advection a l o f t ,  to  the  deep system w ith strong  upward 
motion a t  middle and upper le v e ls  and rap id  increases in  v o r t i c i ty .  The
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F ig. IV-13. T il t  o f disturbance along a northw est-southeast a x is . Solid lin e  
in d ica tes minimum h e i^ t  as a function o f p ressure, ho rizon tally  displaced from 
lee  cyclone, ( A ) • Symbols , ( A  ) f show p o sitio n  o f Alps along t i l t  a x is . 
These figures show the ea rly  development i s  prim arily  along a v e rtic a l a x is , w ith 
vççjer a ir  system decoupled from the lower. During and a f te r  rap id  development 
the  two systems a re  strongly  linked.
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Fig. 17-14. Eulerian volume in  lee  o f the Alps fo r tim e p lo t o f 
v o rtic ilY  and v e rtic a l motion.
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Fig. IV-15. V ertical d is trib u tio n  of q u an titie s vâth  tim e in  the 
volume in  the lee  o f th e  Alps specified in  f ig . IV-14.
a . R elative v o rtic ity ,v d th  positive areas shaded, (sec”lid.0"5),
b. Omega, w ith vçwsuird motion shaded, (nib/sec x 10”3).
c . Dominant terms in  the v o rtic ity  tendency equation. Shaded 
areas ind icate  lo ca l positive v o rtic ity  tendencies.
H; horizontal advection term. T: t i l  ting  term.
V: v e rtic a l advection term.
C: convergence term.
+ ,-: ind icate  vftiether above mechanisms are  increasing  o r
decreasing v o rtic ity  a t  a  given time and pressure lev e l.
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dominant terms in  th e  v o r t ic i ty  tendency equation a re  a lso  shown. One 
can see th a t  v o r t ic i ty  f i r s t  became p o s itiv e  in  the  low est lay ers  24 to  36 
hours p r io r  to  th e  " tr ig g e r"  s tag e . The low lev e l downward motion and v e r t ic a l  
s tre tch in g  forced convergence a t  low le v e ls  which produced the orographic 
vortex . Deep development occurred when th is  v e r tic a l  s tre tc h in g  mechanism 
extended well in to  th e  atmosphere. The dynamic motions produced by the  
advancing upper wave, combined with the  e x te rn a lly  forced downward motion 
a t  low le v e ls ,  aad in i t i a t e d  rap id  v o r t ic i ty  production a t  middle le v e ls .
The tendency o f th is  e f f e c t  alone would give n e t increases o f  2. x 10"^ 
sec" l fo r  each 12 hour period averaged over a la y e r in  the  middle le v e ls .
In LCD II  the  orographic period was sh o rte r  and the  tr ig g e rin g  
stage not as ev id en t. In LCD I i t  was the  upward development o f the  v e r t ic a l  
s tre tch in g  mechanism which appeared to  be the main generating  fea tu re  o f  the  
cyclone. In LCD I I  th e  v e r tic a l  motion was upward even a t  low -levels during 
the  period o f most rap id  development. Thus the  cyclogenesis in  th is  case 
was more c la s s ic a l  in  a quasi-geostrophic  sense in  th a t  the  te rra in -in d u ced  
downward motion in te ra c te d  with the upper-level dynamic v e r tic a l  motion 
only fo r  a very sh o rt period near 12 GMT on Feb 13.
Observational s tu d ie s  o f  Alpine le e  cyclogenesis freq u en tly  show 
th a t  a paren t su rface  cyclone e x is ts  to  the  north  o f  th e  mountains. This 
cyclone decreases in  s tren g th  as the  system to  th e  south grows. To see 
the s h i f t  in  emphasis from the  northern to  the  le e  storm , consider Figure 
IV-15 which i l l u s t r a t e s  the  changes in  v o r t i c i ty ,  both north  and south o f 
the  Alps.
The terms in  th e  v o r t ic i ty  equation are  no t shown. However, during 
the  period o f  rap id  development in LCD I ,  the  mechanisms co n trib u tin g  most 
to  the  in crease  o f  v o r t i c i ty  w ithin  the volume were; convergence and t i l t i n g
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Pig. IV-16. Mean re la tiv e  v o rtic ity  ( "5 ) w ithin 500 km o f surface 
cyclone, north  and south o f th e  Alps. Solid dots ( -* -  ) in d icate  
disturbance north o f th e  Alps; open dots show lee  cyclone south o f 
the  Alps (-0 - ) . P lo ts show s h if t  in  em jhasis as le e  cyclone develops.
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a t  low le v e ls ;  convergence (v e rtic a l s tre tc h in g )  a t  middle le v e ls ;  and 
v e rtic a l advection a t  high le v e ls . For LCD II  during the  rap id  development 
period , dominant terms were convergence a t  low le v e ls ;  v e r tic a l  advection 
a t  middle le v e ls ;  and horizon tal convergence and v e r tic a l  advection a t  
high lev e ls  (both ac tin g  ag a in st the  t i l t i n g  term ).
These observations and d iagnostic  c a lc u la tio n s  o f  v o r t ic i ty  support 
the previously  c ite d  s tu d ie s  concerning the  two-stage na tu re  o f lee  cyclo- 
genesis. LCD I appears to  be an example o f a te r r a in  enhanced cyclone.
The upward extension  o f the  v e r tic a l s tre tc h in g  mechanism was a c r i t ic a l  
element during development. Surging o f the  f ro n t  over the  mountain b a r r ie r  
fu r th e r  enhanced the  s tre tc h in g  process. LCD I I  rep resen ts  a cyclone some­
what enhanced by, but no t c r i t i c a l ly  linked to ,  the  presence o f the  mountains.
Energy
The d iagnosis o f  energy is  accomplished in  two ways. F i r s t  we look 
a t  the  bulk energy q u a n tit ie s  w ithin  a moving volume; and second we compute 
the energy conversions necessary to  account fo r  the  changes in  the  bulk amounts. 
The two methods, shown in Chapter I I I  to  c a lc u la te  a v a ila b le  p o ten tia l energy, 
d iffe red  in th a t  one was an approximation to  th e  o th e r. The Johnson method. 
Equation I I 1-2, gave r e s u l ts  5 to  7 times la rg e r  than th e  more approximate 
H altiner method. Since the  H a ltiner computation f a c i l i t a t e s  the  decompostion 
in to  mean and p e rtu rb a tio n  term s, i t  was decided to  use th e  r a t io  o f APE' to  
ÂPË, to  p a r t i t io n  the  a v a ilab le  p o ten tia l energy computed w ith Equation I I I -2 .
Figures IV-17 and 18 show the  mean and p e rtu rb a tio n  q u a n titie s  fo r  
LCD I and I I .  Some fe a tu re s  are immediately ev id en t. The mean k in e tic  energy 
in the  volume decreased w ith tim e. ÂPÊ a lso  decreased w ith time but energet­
ic a l ly  was o f  small magnitude. APE' increased  as the  volume in te rac ted  with
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the mountains. This was followed by increases o f  KE which became maximum 
as the cyclone peaked in  s tren g th . The in te ra c t io n  among these q u a n titie s  
i s  shown in Figures IV-20 and 21. The energy conversion and tr a n s fe r  terms 
were computed from th e  quasi-geostrophic  equations fo r  energy transform ation  
(Equation I I I -3 )  and the  actual observed changes in  energy seen in  Figures 
IV-17 and 18. The conversions were averaged in  time and assumed to  extend 
over 12 hours. The d iffe ren ces  between the  computed and observed trends 
required adjustm ents ( / ^ )  which rep resen t unparam eterized processes o r 
e rro rs . The d ire c tio n  o f the energy conversion o r tra n s fe r  (-^) on Figures 
IV-20 and 21 rep resen ts  the  computed quasi-geostroph ic  trend .
The p lo ts  in  Figure IV-17 and 18 show the  imbalance in the  to ta l  
energy, which may be due to  sources o f  energy such as r a d ia t io n ,la te n t  h e a t, 
boundary flux  e r ro r s ,  o r e rro rs  in  param eteriza tion  o f f r ic t io n a l  d is ip a tio n . 
Estimates o f  f r ic t io n  a re  shown on both f ig u re s . The lim ited  r a in fa l l  data  
ind icated  th a t  ra in  was produced over I ta ly  from 12 GMT o f the  14th to  the 
end o f the  data pe rio d . The source o f la te n t  heat should influence the  
residual during th is  tim e and the to ta l  energy p lo t on Figure IV-18 indeed 
shows th a t  a source was most l ik e ly  a c tiv e . This can be explored q u a l i ta ­
tiv e ly  by looking a t  a cross sec tion  o f the  e ff ic ie n c y  fa c to r , 6, in  the  
region a t  th is  tim e. Figure IV-19 shows € through the  volume fo r  00 GMT Feb 
15. P re c ip ita tio n  occurring  in the  reg ions o f cloud cover would be producing 
a n e t increase  in  APE, thus accounting fo r  the  apparent source in  Figure IV-18. 
U nfortu rnately , w ithout fu l l  coverage o f p re c ip i ta t io n  amounts, the  impact 
cannot be evaluated  q u a n tita tiv e ly . Sources and sinks on Figure IV-17 cannot 
be read ily  explained s in ce  i t  appeared th a t  p re c ip ita tio n  did not occur.
On Figure IV-20 and 21 energy transfo rm ations are given fo r  the
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Fig. 17-17. Bulk energy q u an titie s  (Joules/m? x 10 ) w ithin the quasi- 
lagrangian volumes fo r LCD I  (see fig . IV-7), p lo tted  as a function o f 
tim e. K i s  k inetic  energy; A i s  availab le p o ten tia l energy; and 
( ) ' and (“ ) re fe r to  perturbation  and volume mean, rep ectively . F i s  
the cumulative fric tio n a l and the open c irc le s  show the  to ta l
energy, (the sum o f A ', K ', A, K, and F .)
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Fig. IV-18. Bulk energy quan tities fo r LCD I I .  For e3q>lanation of 
symbols see f ig . IV-17.
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Fig, 17-19. Cross section o f the  efficiency fac to r ( 6 ) ,  clouds, 
and te r ra in  northeast o f the surface cyclone on 15 Feb. 00 QtT. 
Clouds a re  estimated from s a te l l i t e  imagery.
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processes defined by the equation s e t  I I I -3 .  Transform ations which cannot 
be explained are in d ic a te d , and may be considered to  be due to  non-geostrophic 
processes o r e r ro rs .  There are some in te re s t in g  conclusions one may draw 
from both the c o n s is te n t and i neons i s te n t  e s t  i mates o f the  energy transform ation  
processes. One th a t  stands out immediately i s  the  t ra n s i t io n  o f K to  K .^
This is  opposite  to  the  usual atmospheric energy cycle (Figure I I I - 4 ) .  This 
process is  c o n s is te n t w ith the findings e a r l i e r  in  th is  chap ter, namely th a t  
v e r tic a l s tre tc h in g , which is  produced e x te rn a lly , converts e a r th  or la rg e  
sca le  v o r t ic i ty  in to  d isturbance v o r t ic i ty .  In the  same way, p a r tic u la r ly  
when the  le e  cyclone was undergoing in te n s if ic a t io n  , mean k in e tic  energy 
was converted to  d istu rbance  KE. This process was playing as la rg e  a ro le  
as the ty p ica l conversion in  which APE  ^ goes to  K' during b a ro c lin ie  devel­
opment. The energy t r a n s fe r  (K K“) is  the b a ro tro p ic  con tribu tion  to  
development; while(A^ -»• K ')is  the  b a ro c lin ie  c o n trib u tio n .
Another fe a tu re  o f the k in e tic  energy budget is  the possib le  under­
estim ation  o f k in e tic  energy d is s ip a tio n  by mountain induced f r ic t io n .  Toward 
the time periods when th e  d isturbance had reached maximum in te n s ity  and was 
decreasing in  s tren g th  th e re  are la rg e  im plied sinks o f k in e tic  energy.
A m ysterious source of APE appears in  both cases from about 24 
hours before the  cyclone reached maximum in te n s i ty  in  the  le e . This is  
about the  time th e  volume was in te ra c tin g  w ith th e  mountains. From the 
c a lcu la tio n s  o f fron togenesis  we can estim ate  th e  amount o f APE th a t  was 
produced in  the  volume by prim arily  the  mean flow components in te ra c tin g  w ith 
the mountain. They a re  shown in  Table IV-2. These ca lcu la tio n s  a re  based 
on departures o f f ro n ta l s tren g th  over and above the  mean thermal g rad ien t.
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Fig. IV-20. Bulk energetics and transformations w ithin moving volumes fo r 
date and time indicated. Energy q u an titie s  w ithin boœs are  in  Joules /n^ 
X 105. Arrows ( - » ) ind icate  quasi-geostrophic red is trib u tio n  processes 
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s im ila rily . Diagram on lower r ig h t  shows the time average for the  e n tire  
cyclone episode. Arrows ) show energy processes required to  balance
energy budget. These a re  re la ted  to  non-geostrophic o r d iabatic  mechanisms 
(radiation and la te n t  h ea t), e rro rs  in  boundary flux o r parameterization of 
f r ic tio n a l d issipa tion .
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Table IV-2
FRONTOGENESIS AND PRODUCTION OF APE
Period
Mean
fron to g en esis
(deg/1000km/24hr)
Estim ate o f APE  ^
Production by 
fron togenesis  
(J/m f/24hr x lOP)
Observed change 
in  APE' _ 
(J/m=/24hr x lOr)
11/00 - 
12/00 
GMT +4.63 +6.74 +8.21
13/00 - 
14/00 
GMT +3.62 +4.77 +4.05
KO
00
99
The im plica tion  i s  th a t  a l in k  may be e s ta b lish e d  between W  and APE^. On 
reexam ination o f th e  cond itions during the  fro n to g en e tic  phase, we fin d  th a t  
the  mean flow is  s trong  and northw esterly . This flow impinged on the  mountain 
producing th e  v e r t ic a l  motion couplets which induced the  t i l t i n g  process.
The mean flow was a lso  h o riz o n ta lly  d istu rbed  and we should expect to  see a 
KË -»■ KE' conversion as we indeed do. The t i l t i n g  mechanism would appear 
to  be the  conversion l in k  between the  mean flow k in e tic  energy lŒ, and 
pertu rb a tio n  p o te n tia l energy, APE'. U nfortunately  th i s  should be seen in 
the KE' APE' conversion,w hich upon examination i s  a c tu a lly  in  the  o th e r 
d ire c tio n . I t  would appear the  param eterized energy transform ations are 
inadequate to  exp lain  the  observed changes in  APE'. Use o f more complex 
energy conversion equations derived from more complete forms o f the  v o r t ic i ty  
equation may provide fo r  conversions o f  th is  ty p e .
B arod in ic i ty  and the  Scale o f the  Lee Cyclone
The time sc a le  fo r  a ty p ica l cyclone in  middle la t i tu d e s  is  about 
4 days (Holton, 1972). This appears to  be much longer than one o f our cases 
o f le e  cyclone development. As Buzzi and T ibald i (1978) po in t o u t, th e re  are 
major a l te ra t io n s  in  the  s tru c tu re  and sca le  o f  th ese  storm s. Figure IV-22 
shows the estim ated  change o f sca le  o f  the  lee  cyclone as i t  passed from the  
orographic to  the  quasi-geostroph ic  sca le . This measurement was based on the  
wavelength d is tan ce  between p o s itiv e  and negative v o r t ic i ty .c e n te r s .  The 
i n i t i a l  p e rtu rb a tio n  was q u ite  sm all, well below th e  estim ated  " c r i t ic a l  
wavelength" s u i ta b le  fo r  conventional b a ro c lin ie  in s ta b i l i ty  to  dominate, 
allowing th e  p e rtu rb a tio n  to  grow.
There is  a c e r ta in  c la ss  o f  b a ro c lin ie  i n s t a b i l i t i e s  which opera te  
a t  sca le s  well below the  c r i t i c a l  wavelength. As shown by Stone (1966),
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Fig 17-22. Scale o f lee  cyclone versus time, for LCD I  (—o— ) and 
I I  ( » ) .  ïhese are  estimated from geopotential and v o rtic ity  f ie ld s .
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Tokioka (1970), and Emanuel (1979), th ese  environments are ch arac te rized  
by Richardson Numbers (Ri = about 1 or le ss  (a c tu a lly  Ri <
5 ^ ) ,  in which small wave growth can dominate. Checking the  Richardson 
Numbers in the  lee  region during development in  both cases showed values 
from 10 to  20. Buzzi and T ibaldi (1978), showed th a t  even in i t s  i n i t i a l  
s t a t e ,  the lee  cyclone may be too la rg e  fo r  the  symmetric in s ta b i l i ty  growth 
ra te s  to  dominate the conventional b a ro c lin ie  p rocess.
As c le a r ly  revealed in  the  a n a ly s is , the  Alps s ig n if ic a n tly  a l t e r  
the a irflow  and thermal f ie ld s .  During the  explosive development s tag e , 
strong v e r tic a l s tre tc h in g  occurs which i s  p rim arily  due to  the ex te rn a lly  
forced motions combined with dynamics o f the  approaching wave. Thus, the 
baro trop ic  mechanisms which in i t i a t e  the  le e  cyclone, and the b a ro c lin ie  
processes which move in to  the  reg io n , combine to  overcome the b a ro c lin ie  
s ta b i l i ty  o f  the i n i t i a l  wave. By the  time thermal advection en te rs  the 
p ic tu re  the storm is  no longer a weak p e rtu rb a tio n  on which s t a b i l i ty  theory  
is  based. The wave may move away from th e  lee  region and d ie  as o ften  seen 
in the  Great P la ins o f  the  United S ta te s  and Canada. However, the  storm may 
increase i t s  ho rizon ta l sca le  and su rv iv e . The t r a n s i t io n  s tag e , when the  
storm must pass from a te r ra in  a s s is te d  b a ro c lin ic /b a ro tro p ic  system, to  
one which must surv ive b a ro c lin ic a lly  over f l a t  t e r r a in ,  is  c r i t i c a l  to  i t s  
eventual ev o lu tio n . We saw the  case o f a dying cyclone in  LCD I .  The cyclone 
in case I outran i t s  source o f e x te rn a lly  forced motion and b a ro c lin ic i ty , as 
shown in  Figure IV-23. In LCD II  the  slow moving system which was a sso c ia ted  
with a la rg e r  paren t wave, seemed to  p r o f i t  by i t s  a sso c ia tio n  w ith th e  Alps. 
The cyclone remained near the  source o f  b a ro c lin ic i ty  and v e r tic a l  motion.
The suspected e f fe c ts  o f la te n t  heat may have m aintained the storm fo r  the  3
102
imBM
îi il «o 3
FEB 1 2 ,  1 9 7 6  0 0  GMT L0N 3 5 2  DEG
I
FEB 1 2 ,  1 9 7 6  12 GMT LON 3 5 2  DEG
Fig. IV-23. Frontal strength ( ■ ) [deg/lOOkm], and frontogenetic
ra te  (— ■—) [deg/lOOOkm-sec x 10“^] for LCD I .  Nbte how lower portion 
of baroclinie zone i s  f i r s t  retarded by blocking e ffe c ts  ^  then becomes 
fixed to  mountain. %e cyclone moves away frcan th is  zone with time 
and d ies.
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days i t  remained in th e  a re a . Latent heating  produces am p lifica tio n  o f 
v o r t ic i ty  by d ia b a tic a lly  fo rc in g  v e r tic a l  motions. As shown, th is  is  
supported by generated p e rtu rb a tio n  a v a ilab le  p o ten tia l energy. The cyclones 
th a t  develop in  the  le e  o f  th e  Rockies and become long liv e d , usually  requ ire  
inpu t o f la te n t  heat (P h i l l ip s ,  1979).
Storm development is  s ig n if ic a n tly  influenced by the  Alps. This 
in fluence can be resolved by conventional data sources. S urely , mechanisms 
operating  a t  unresolvable sca le s  a re  in fluencing  the  course o f development. 
Many of the q u a n titie s  which we have derived,have g rea t p o te n tia l fo r  e r ro r . 
However, the  q u a li ta tiv e  re la tio n sh ip s  among independently derived functions 
l ik e  e n e rg e tic s , v o r t i c i ty ,  and fro n ta l s tren g th  a re  in e sse n tia l agreement 
leading support to  the  observations on which we commented. Experiments 
designed exclusive ly  fo r  measuring mountain-cyclone in te ra c tio n  a re  in  the  
planning stage  (ALPEX).
CHAPTER V 
Summary
The study undertaken i s  adm ittedly  broad in  scope. Many new tech­
niques were used in the primary data a n a ly s is . Evaluating elem ents o f 
cyclogenesis from many perspectives was a major ta sk  meeting with f r u s tr a ­
tio n  owing to  the  lim ited  inform ation a v a ilab le  from th e  d a ta . Id e a lly , 
observations a t  th re e  o r s ix  hour in te rv a ls  would be requ ired  to  perform a 
d e ta ile d  and fu l ly  q u a n tita tiv e  an a ly s is  o f a phenomenon with a time sca le  
of 12-24 hours. In both space and time we t r i e d  to  reso lve  processes near 
th e  l im its  o f re so lu tio n . This re su lte d  in  ev a lu a tio n s  o f processes which 
are  n e ce ssa rily  diminished by the response o f th e  an aly ses. S t i l l ,  the 
Alps produce e f fe c ts  which can be measured w ith in  a la rg e  sca le  o r quasi- 
geostrophic framework and we have proceeded on th is  b a s is ,  supported by 
the previous s tu d ie s  in th is  region.
The two case s tu d ies  considered i l l u s t r a t e  two d if f e r e n t  le e  cyclones. 
The f i r s t  case , LCD I ,  was a storm fo r  which th e  Alps appear to  have been the 
major cause o f cyclogenesis. The cyclone in  LCD II  was a sso c ia ted  with a 
la rg e r  upper wave, and most l ik e ly  would have developed w ith o r w ithout the 
mountain e f f e c t .  However, c e r ta in  aspec ts  (and eventual p o s itio n ) o f the 
s ta t io n a ry  su rface  cyclone were more than l ik e ly  in fluenced  by th e  forced 
l i f t i n g  and p o s itio n in g  of the  fro n ta l zone near th e  mountain.
The find ings o f th i s  study a re  summarized on th e  follow ing page.
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Stages o f  Development 
The Alps s ig n if ic a n tly  enhance cyclogenic processes in  th e i r  
v ic in ity . In th i s  study the  cyclones seemed to  pass through a s e r ie s  o f 
steps during th e i r  l ife tim e s :
1. Orographic s tag e : Flow normal to  the  mountain produces small 
shallow cyclones m aintained by low level v e r t ic a l  s tre tch in g  in  the  
downslope reg ion .
2. Frontal s tag e : The fro n ta l zone in te ra c ts  with the mountain 
and streng thens through t i l t i n g  and horizon ta l deformation. This 
process in c reases the  a v a ilab le  p o te n tia l energy on the  pertu rba tion  
sca le .
3. Explosive o r " tr ig g e r"  s tag e : The in te n s i ty  o f the  lee  cyclone 
in c reases rap id ly  as te r ra in -fo rc e d  v e r tic a l  motion and dynamically 
produced upward motion a re  superimposed. This re s u lts  in strong 
convergence a t  middle le v e ls  and consequent v o r t ic i ty  production.
The d istu rbance  a t  th is  stage  is  v e r t ic a l ly  stacked and has a 
b a ro tro p ic  ch arac te r a t  low to  m id -lev e ls .
4. T ran s itio n  s tag e : The in fluence  o f th e  strong m id-level c i r ­
cu la tio n  from stage  3 and the  increased  f ro n ta l zone s treng th  from 
stage  2 allows the  storm to  take on a b a ro c lin ie  s tru c tu re . Whether 
the  development continues depends on the  sca le  o f  the  parent wave, 
the  s tren g th  o f  the f ro n t and the advecting c irc u la t io n . The storm 
moves away from the  mountain.
5. ^Mature s tag e : The le e  cyclone i s  "on i t s  own" and must m aintain 
i t s e l f  by thermal advection and quasi-geostroph ic  secondary c irc u la ­
t io n s .  The more p e r s is te n t  cyclones normally include the  e f fe c ts  o f 
la te n t  heating  in  th e  energy budget.
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Table V-1 fu r th e r  describes the  fiv e  development s ta g e s . Symbols 
used have been explained in  th e  te x t  o r in Appendix 7. Figure V-1 i l l u s t r ­
ates schem atically  the  development o f  an Alps cyclone, summarized from the 
case s tu d ie s .
Conclusions and Recommendations
C ertain find ings o f  the  diagnosis were im portant and should be 
reviewed.
The rapid  development phase appeared to  be a complex in te ra c tio n  o f 
baro trop ic  and b a ro c lin ie  p ro c e sse s . The s ig n a ls  c a lcu la ted  from 
the quasi-geostroph ic  energy terms v e rif ie d  both b a ro tro p ic  and b a ro c lin ie  
mechanisms in in creasing  th e  pertu rba tion  k in e tic  energy. In the  le e  o f 
the Alps strong v e r t ic a l  s tre tc h in g  was ind ica ted  w ith consequent v o r t ic i ty  
production through the  column. Large imbalances in  the  energy budget and 
rapid  increase o f cyclone sca le  during the 12 hour period s tro n g ly  suggest 
th a t  processes a t  mesoscale ( i . e .  re la te d  to  the  tran sv e rse  sca le  o f  the 
Alps, 200-300 km) o r sm aller may be playing im portant ro le s .  For fu r th e r  
d e f in itio n  o f th is  phenomenon observations must be increased  in  both space 
and tim e. A minimum requirem ent would be to  sample th e  upper a i r  a t  th re e - 
hour in te rv a ls  and supplement the  ex is tin g  network w ith observations in 
the Alps and over th e  Gulf o f  Genoa.
The system atic  in c rease  in in te n s ity  o f  the  b a ro c lin ie  zone is  
another fea tu re  which has not been examined q u a n tita tiv e ly  in  o th e r papers. 
I t  was determined th a t  o rograph ica lly  forced t i l t i n g  was the  most im portant 
mechanism in th is  p rocess.
Table V-1.
Stages o f Lee Cyclone Developnent
Stage o f 
Development
Primary 
Energy Process
Primary V orticiiy  
Production Process Remarks\
Orographie 1. K -  K' 1. Low level v e rtic a l 
stre tch ing
1. Barotropically derived 
lee  trough (potential v o r t ic i ty ) .
Frontogenetic 1. Â -  A'
2. undiagnosed 
source o f_A' 
(perhaps K -  A')
1. V ertical stre tch ing  in  
low lev e ls .
2. T iltin g  term iiipor- 
ta n t  in  lower leve ls .
1. Frontogenesis by deformation and 
t i l t i n g  near mountain.
2. This phenomena seen in  o ther diagnost] 
studies and numerical sim ulations.
Rapid Growth 1. K -» K'
2. A' -* K'
1. Positive v o rtic ity  
a t  vçjper lev e ls .
2. Strong v e rtic a l 
stre tch ing  a t  mid leve ls 
(convergence).
3. T iltin g  and weak con­
vergence a t  low lev e ls .
1. Barotropic/baroclinic h^ jrid
2. P e tte rssen 's  Type B cyclogenesis.
3. EJuzzi and T ib a ld i's  "trigger " 
stage.
4. Frontal zone a lo f t  moves over lee  
region. Low level fron t retarded.
Transition 1. A' -  K' 1 . Low leve l horizontal 
convergence.
2. tapper leve l diver­
gence.
1 . Utward v e rtic a l motions extend nearly 
to  surface.
2. cyclone moves from mountain,increases 
scale .
3. cyclone takes on a more baroclin ie  
character although appecirs well advanced 
in to  occlusion.
fb tu re
...a n d /o r ........
1. IW -  A'
2. A: -«■ K'
1 . Mid level v e rtic a l 
motion from d iabatic  
forcing produces con­
vergence a t  low leve ls .
1 . Occluded cyclone maintained by 
la te n t  heat release
Dissipation 1. K' -*F'
2. K' - K
2. Flux divergence o f 
v o r tic ity  out of cyclone.
2. D issipation 1:  ^ f r ic tio n a lly  induced 
spin down.
o
108
d.
Figure V-1 Development cycle for a Genoa cyclone. Streamlines given for 
700 mb (~3000m) flow (—»); 700 mb front (v v )  ; 700 mb low (%») ; 700 mb
Isotherms (-------) ;  significant te rra in  (<SB). a. I n i t ia l  phase -
High pressure ridge builds over E. A tlantic ; disturbance with front moves 
southeast, b. Barotropic phase -  Strong mean flow In teracts with te rra in ; 
incipient Genoa cyclone develops in lee . c. Frontogenetic/Transltion 
stage -  Frontal zone in tensifies over mountain b a rrie r; cyclone begins 
tran sition  as thermal advection increases rapidly , d. Baroclinie stage -  
Strong v e rtic a l motion in  cyclone converts available potential energy to 
k inetic  energy. Cyclone Is now fu lly  baroclin ie , developing rapidly, and 
is  producing organized clouds and heavy ra in .
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In the  a n a ly s is  scheme we se lec ted  w eighting fa c to rs  based on consider­
a tio n  o f s c a le , a v a i la b i l i ty  o f d a ta , r e la t iv e  q u a lity  o f  d a ta , and nature  
o f the  imposed dynamical re la t io n . A m eteoro log ists  su b jec tiv e  evaluation  
of the  analyses showed th a t  the  s tru c tu re  and evo lu tion  o f systems were 
well defined . D efin itio n  o f fea tu re s  a t  th e  sm alles t reso lv ab le  sca le s  was 
reasonable and l i t t l e  noise was ev iden t. The computation o f v e r tic a l motion 
used a new approach to  combine independent estim ates o f  omega. The a b i l i ty  
to  con tro l the  v e r tic a l  penetration  o f  o ro g rap h ica lly  forced flow is  a t t r a c ­
tiv e  and could be app lied  in o th e r problems. Comparison between v e rtic a l 
(upward) motion and observed clouds showed good correspondence. Although 
the  used o f  s a t e l l i t e  data in a d iagnostic  scheme can be a somewhat risk y  
p ro p o sitio n , th e  technique designed in  th i s  paper allowed th i s  data to  make 
a p o s itiv e  c o n trib u tio n  to  the d esc rip tio n  o f  atm ospheric s tru c tu re  a t  
c e r ta in  data  tim es , p a r t ic u la r i ty  over the  M editerranean. Equally im portant
but not as obvious was th a t  the inc lusion  o f s a t e l l i t e  data did not add s tru c ­
tu re  to  the  a n a ly s is  where th e re  was obviously none.
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APPENDIX 1 
A ssim ilation  o f S a te l l i te  Data 
S a te l l i t e  Data
The v e rtic a l sounders on s a t e l l i t e s  measured the  rad iance re tu rn  
o f  known narrow frequency bands in  the  in fra red  range, from 4 ]im to  15 \m.
At each o f the  wavelengths, carbon dioxide has a known atmospheric 
transm ittance  ( ? . ) ,  which has an in f le c tio n  p o in t a t  a d is c re te  atmospheric 
p re ssu re , (F ig. A-1-1). The c le a r  column radiance fo r  band i i s  given by,
dT ^
R f l i  =  T ( V ; , P , )  +  I <3 d n ) p ,
In p o
where B is  the  Planck black body ra d ia tio n  a t  sounding frequency v  ; and
tem perature T. Tg is  the  su rface  tem perature; eg is  the  em m issivity o f the
su rface , and Pg the  su rface  p re ssu re .
Since — -  i s  known and the  surface tem perature can be d ire c t lya m p
estim ated from independent microwave data o r  clim otology, th e  equation takes
th e  form o f an in te g ra l equation and T(p) is  so lvab le  by inversion  techniques.
, dT becomes the  weight func tion  of kerne l. Each channel measures mean 
a In p
tem perature fo r  a la y e r according to  Figure A-1-1. Much d e ta i le d  inform ation 
Is  smoothed by th is  p rocess, accounting fo r  the  la rg e  RMS d epartu res from 
the  " true"  atmosphere (defined  by co inciden t rawinsonde o b se rv a tio n s). I t  
should be noted th a t  rad iance data  i s  genera lly  processed over oceans, s ince 
over land th e re  is  ambiguity in  th e  value o f  su rface  e m is s iv ity , cg.
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Fig. A-1-1. îfeighting functions fo r a  typ ical five channel radiance 
sensor. Note how the resu lting  temperature p ro file  on l e f t ,  loses 
d e ta il .
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Fig. A-1-2. Schematic illu s tra id n g  the shape matching technique.
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M oisture data from s a t e l l i t e s  is  obtained by measuring a band 
near 18vim. This band in d ica tes  to ta l  p reci pi ta b le  w ater in  the  column, 
and when a v a ila b le  can be used to  a s s i s t  in  m oisture a n a ly s is . A technique 
developed by H illg e r and Vonder Haar (1977) computes a d iffe ren ce  between 
observed rad iance in the  18pm band and th a t  radiance a t  18pm associated  with 
the tem perature p ro f ile  derived from the  o th e r channels. The residual i s  
then re la te d  to  m oisture conten t.
Use o f  S a te l l i te  Observations During A ssim ilation o f Data
The la rg e  inaccuracies in  the  magnitude o f tem perature are genera lly  
a re a lly  b iased  allowing us to  e x p lo it th e  d e f in it io n  o f f i e ld  s tru c tu re  pro­
vided by the  radiance d a ta , (Figure A-1-2).
Using the  formalism (Equation II -2 )  o u tlin ed  in  Chapter II  and 
expanded in  Appendix 3, te s t s  were run with sim ulated dense s a t e l l i t e  data 
combined w ith widely sca tte re d  RAGS observations. This was done by in tr o ­
ducing a known m eteorological signal which was sampled by sim ulated SATOB's 
and RACE'S. Figure A-1-3 shows the RMS e r ro r  in the  re su lt in g  analysis  fo r  
varying d e n s it ie s  o f RAGS d a ta . The th re e  curves show how th e  RMS e rro r  
v aries  fo r : a) RAGB's only (as"0»Ti,2~®^’ b) Raw RAGB and SATGB temp­
e ra tu re s  combined (ag=G,ap,=l,yi,2=0); c) RAGB's and SATGB f ie ld  s tru c tu re  
(ag=G,aR=l,Y2 RMS e rro r  i s  minimized fo r  c) w ith RAGB data d e n s it ie s
commonly seen over the northern hemisphere.
To i l l u s t r a t e  th is  process in  the  p resen t study we look a t  a case 
where th e  f ro n ta l zone was over the  M editerranean. RAGB's a re  av a ilab le  
around the sea and on a few is la n d s . R epresentative s a t e l l i t e  observations 
are  shown in  Figure IV-1.
Figure A-1-4 a through c show sp lin e  analyses fo r  the  th ree  data 
conditions in  th e  t e s t  case . Gf course here th e re  i s  no tru e  f ie ld  fo r  
com parison,but fro n ta l zone d e f in it io n  i s  s l ig h t ly  improved.
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Fig. A-1-3.  ^BMS e rro r in  the reproduction of a known temperature f ie ld . 
S a te ll ite  daka was assumed to  have a density of 30 repo rts  per (1000km) 
B iis i s  sim ilar to  actual data. RAOB data density over Europe i s  about 
11, over the Mediterranean, 6. Curve "a" i s  e rro r with EftOBs only; curve 
"b" , RfiOBs and raw SMKffis; curve "c" , RftDBs with shape matched 
s a te l l i te  data . Curve "d" shows the l e ^  of e rro r fo r SAüCBs alone.
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Fig. A-1-4. 850 nib temperature analyses over Mediterranean fo r 14 Feb.
1976, 1200 OCT (°K). Frontal position  i s  based on surface repo rts .
a . RRQB only.
b. BAOB and raw SAüTQBs.
c . BAOB with shape matching.
APPENDIX 2 
Development o f  Low P ass F i l t e r  
From th e  t e x t .  Form alism  1 was g iv en  a s :
F^ = J  J  j {S. (Q-Q)^ + gfVgG- tan<f>^^)^} dXd^dw
A (|) IT
A pplying  th e  v a r i a t i o n a l  o p e r a to r ,  6 yields
^  I  f  J  {2(9-9)60 + 2(V| 8- t a n * ^ )  (V^ôe-tanOg^^j} dAdfdm .
A (|) IT
S e t t i n g  6F^ = 0, gives
1 1  vlev^fie- t a n *  ^  V^ÔB-V^e t a n * m *  + t a n ' * r z  ^
-} dAd*dw = 0 
and in te g ra t io n  by parts  y ie ld s
m r 6 r 1 a^e . B 'e  . a ^ a ^ e  . 2 a"8  , . b^cos*** aP*' a*** 3r^ cos^* a<t)2 aA2 ^, 2 a‘*e . 23*8 4 s in  * 3^8 9 s in * *  3
cos2* aX^Sr^ 3 r 2 3 * 2  a c o s 3* 3 * 3 X2 co s  * cos^*
3^8 1 3^8 a^ 3^8 _ 4 a s in *  38,
3ÂT *) 3* T  + 5 5 s ? *  a p r  "  " c o s '? - * -  #
+ 5 (8 -8 )}  dird*dA+ boundary  te rm s = 0 (A-2-1)
3r'3"" “ a3* '3 " '3" """^aS* ^ a ^
A '* 'ir
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I f  we assume 66 and n «Vôe(where n i s  an outward d irec ted  normal vector) are 
zero on the boundary, the  boundary terms vanish and {} term must be zero .
This equation i s  the  analys is  equation which i s  f i n i t e  d ifferenced and 
solved over the  domain. The boundary condition requ ires  th a t  va ria tions
66 are  zero on two boundary rows of g r id  po in ts  about the  analysis  a re a .  
The v e r t ic a l  smoothing c h a ra c te r is t ic s  can be con tro lled  (reduced) by 
transforming the  v e r t ic a l  coordinate ir to  a new axis r .  The horizontal 
f i l t e r  response fo r  the  sp line  is  obtained by assuming a known harmonic 
fo r  6 (= Aeika(cos*AX +#)) , where AX and A* are  g rid  spacing and k is  the 
wave number. S u b s t i tu t in g  0 in to  the bracketed {} p a r t  o f  A-2-1, and 
computing the  r a t i o  o f  amplitudes as a function of L,
«  + 6/S i  a cos *0 X) ♦“ ) *
9 (s in :*  + 3 COs:*)AX= + 16 S ln '(&  ***) + 4 sin:({9A*) * 
tone *) , * 2.  ^  (sin^ ( f  pA *)
+ s i n '  ( i S c o s M O ^ i a i *  „  , - l
where L is  wave leng th . Here ir i s  3 .1 4 1 5 9 .. . .  The response, r* is  p lo t ted  
in Figure I I - 1.
The equation A-2-1 i s  solved by re lax a tio n  which reduces the residual 
5 orders o f  magnitude in  20 i te ra t io n s ,  RMS dev ia tions  from grid  points with 
data a re  .5 to  l."C f o r  temperature and .5 to  1 .m/sec fo r  winds. S a t e l l i t e  
data alone is  processed with th i s  f i l t e r  p r io r  to  introducing i t  as a s t r u c ­
tu ra l  c o n s tra in t  as shown in Chapter II  (Equation I I -2 )  and Appendix 3.
APPENDIX 3 
Horizontal Shape Matching 
Formalism 2 i s  given in the  t e x t  as
Fg + B (?§  6 )= +  y j  ( 9 8 - 9 8 , )
X 4. TT ^
+ Y 2 ( 9 = 8 - 9 : 8 , ) : }  dnd*dX
Development i s  s im ila r  to  th a t  in Appendix 2.
The analys is  equation i s
e+Y^ r 1 3*8 _ 3*8 .  .  3*8 ^  2 3*8 ,
a** ^cos**  3X4 a j r  + ^  3 r^  cos& * 3 * 2 3 x 2 ^
^  e r 2 3*8 . 23*8 . 4 s i n *  3*0
az  ‘c o s 2 * 3X%3r2 3 r '3 * z  a  c o s 3 *  3 * 8 X2
4. / 9 s i n * * . 3 , 3^8 . , - 1  . ^ 2 . .  3*8
 ^ cos '**  cos&*^ 3X2 ( c o s ^ *  3**'
+ 3*8 _ 4 a  s i n  * 38 ,
c o s 2 *  3r2  ”  c o s  3 * 9*^
. 1 .  ,  1  2 ,
i v  ‘cos'** 3X4 ~ 5 ^  cos%* 3 * 2 3 x 2 ^
1 ,  3*8 ,
+ ( -  5 5 i 2 *  -  t a n * * ) ^ ^ ]
Yl ,3 * 8  * '» 8 ,  Y,
à2  c o i T * ( â i r  -  - T a j )  -  p r ( 3 ^ 2 -  -  B ^ ) + 5 g ( 8 - 8 , )
+ o ^ (e -8 j . )  = 0
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Again (") re fe rs  to  observations a t  d is c re te  g r id  p o in ts ;  ( ' ')  r e fe r s  to  
f i e ld s  re su l t in g  from F^; and are zero where no observations e x i s t .  
This equation i s  solved using Liebmann re lax a tio n  with boundary condition 
defined as in Appendix 2. Sim ilar convergence i s  noted as with Equation 
A-2-1. Yi = 0 and yg = 10gives the f a s t e s t  convergence fo r  the  amount o f  
s a t e l l i t e  s t ru c tu re  imposed on the  temperature f i e l d .  Boundary values 
which are  very im portan t,a re  derived using a Barnes (1973) technique. Data 
outside  the boundaries are  included.
APPENDIX 4 
Dynamic Adjustment 
Beginning with the  three-dimensional version in x ,y ,o  coordinates
(o= ^ ) o f  l^and tak ing  th e  v a r ia t io n  r e s u l t s  in
6F3 = J  J  J  {2 ($ -? ) 6$+ 2y (u-u)ôu + 2y(v-v)  6v
\  (p a
+ 2A (fu + H  (fSu + d(jd(|>dx .
where x = a cos y = a9$, and a i s  the  e a r th s  rad iu s .  To use fo r  
data  on a pressure  su rface  we l e t  = p^ (a co n s tan t) .
Expansion o f  term s, in te g ra t io n  by p a r t s ,  and assuming th a t  a l l  
v a r ia t io n s  vanish on th e  boundary, r e s u l t s  in 3 equations in  3 unknowns 
($ ,u ,v ) :
* fp^A È + uB* = 0
Boundary cond ition : $=i on horizontal and v e r t ic a l  boundaries.
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2. u = Bu + A-4-2
3. V = Bv + A ( ^  | i )  A-4-3
where A = (1 + and B = ^ ^ A ,  ç i s  the  v e r t ic a l  component o f  v o r t i c i ty  
and e i s  a f /ay .  Equation 1 is  solved by re la x a t io n ,  then 2 and 3 are used 
to  obtain u and v. The numerical convergence to  so lu tion  of A-4-1 i s  s en s i­
t iv e  to  the  choice o f  A. As A in c re a se s ,  convergence becomes slower in an 
i t e r a t iv e  sense.
The three-dimensional graph in  Figure I 1-3 app lies  only to  the 
known signal which defines the  curve Rq (the  e r r o r  in the  geostrophic 
equation computed from the  observed d a ta ) .  In g enera l ,  Rq is  a function 
of  the p a r t ic u la r  data  s e t  and f i l t e r i n g  s teps  leading up to  the  dynamical 
adjustment. The value o f  Rg a t  low wavelengths is  normally much reduced 
(owing to  the  low pass f i l t e r ) .  Me have measured Rq fo r  the various cases 
only in an average sense. Spectral decomposition o f  t h i s  residual was not 
accomplished.
APPENDIX 5 
MASS CONSTRAINT, IMPLIED VERTICAL SCALE
As shown in the  t e x t ,  the  formalism is
c S & I  * i  C & 5 TA (p O
* T f ^ r % - P s i - | | ^ - P s V ^ » d o d . d X  . 
Taking the v a r ia t io n .
ÔF- = 0 =
X v/
J  {2(u-u) (Su + 2(v-v)6v + 2t ( 0 - 0 ) 5 0
(j>3X ® cosoax
dad(j>dX
The Euler-Lagrange equations a re  found by in te g ra t in g  by p a r ts  and assuming 
v a r ia t io n s  vanish on the  boundary. These equations are:
u = u + A-5-1
a coS(j)3X
V = V + î s ^ t a n i  A-5-2
a 3(|> a
0 = 0  + •g  ^ A-5-3
^  ^cosfer + F  + + Pg k F + lR T "*  0 A-S-4
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To solve th i s  system o f  equations, we su b s t i tu te  u, v, a  from A-5-1 to  
A-5-3 in to  A-5-4. This r e s u l t s  in an e l l i p t i c  equation fo r  n. The weight 
T i s  the  only c o n tro ll in g  parameter and b a s ica l ly  determines the  con tribu ­
t io n  o f  the  quasi-geostrophic  estim ate  o f  v e r t ic a l  motion,a.
The equation fo r  0 i s  found to  be:
+ —  + _a_ 3Ps + i a i
apg cos$3A W  Pg cos<j)3X Pg 9(j) p^ W  9cr 
~ tan  * - Osec^* = 0
with boundary conditions 0 = 0 on the  horizontal boundary (u = u, v = v ) ;
and = 0 on the  lower boundary (owing to  the f a c t  th a t  à = à = 0 a t
a = 1). At the upper boundary we want w = O.or ôg ■ atop Pg/Pg" This implies
th a t  ^  (£Ë2E. Ps _ a ) .  This equation i s  solved and the  so lu tio n  (n)
Ps Ps
su b s t i tu ted  in to  A-5-1, 2 and 3 to  f ind  u, v, and â .
A more useful d e f in i t io n  o f  t can be derived i f  we run a t e s t  o f  flow 
over an obs tac le . Assume th a t  we have a bell shaped mountain defined by an 
exponential with maximum height a t  500 mb. A uniform wind f i e l d  from west 
to  e a s t  in te ra c t s  with the  mountain. Figure A-5-la shows the v e r t ic a l  motion 
p ro f i le  on the  slope o f the  mountain fo r  varying values o f  t . The exponential 
decay o f the  ex te rn a l ly  generated v e r t ic a l  motion (w) with decreasing pressure  
can be controleed with ? (F igure  A -5-lb ). Figure Ic shows the maximum 
d e f lec t io n  in the  horizontal wind and the  d is t r ib u t io n  o f horizontal wind 
m odification with heigh t. For t small the  horizontal wind adjustment i s  
spread evenly through each lay er  s im i la r  to  o ther kinematic v e r t ic a l  motion 
schemes discussed. As shown in Chapter I I  a v e r t ic a l  sca le  can be derived
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wind deflection
log T=-o)
Vertical Motion
\ . ^ l o g T = U
00
0 10 20 30 40
Deflection of 
Horizontal Wind 
(deg)
Fig. A-5-1. Air flow moving over bell-shaped obstacle. Environmaital 
v e rtic a l motion ( g) i s  assumed to  be zero. A s t r a iÿ i t  west to  
e as t flow o f a i r  a t  20 n/sec inpinges on mountain.
a . Schematic o f ejç)eriinent. Wg i s -0.033 mb/spc.
b. V ertical motion (omega) above po in t on slope o f  mountain a t  850 
mb. Arrow ind icates vAiere omega .fa lls  o f f  an e s ^ n e n tia l  fac to r. 
Curves indicated are functions o f T  as indicated.
c . Maximum horizontal deflection o f  wind a t  each leve l fo r a given 
T  . For T  sn a il, adjustment occurs a t  a l l  lev e ls  equally;
as r  increases, adjustments move c loser to  surface and increase.
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by knowledge o f  the  regional s t a b i l i t y  and t e r r a in  dimensions (Buzzi and 
T iba ld i,  1977). The v e r t ic a l  sca le ,
,1 -  «Ô
"o '
foS
i s  a function o f  t e r r a in  s c a le ,  L^; Rossby number, and s t a b i l i t y ,  | | . .  For
11 ?the  Alps Hq i s  about 3.0km. This corresponds to  a value o f  ? ~ 10 ' 
(from A-5-ld).
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Fig. A-5-1
d. Scale h e i ^ t  versus log T . îhe indicated heights a re  the  v e rtica l 
distance between the point on the slope and the point a t  vMch the 
v e rtica l notion has decayed one exponential fac to r.
APPENDIX 6
POTENTIAL VORTICITY CONSTRAINT AND GEOSTROPHIC ADJUSTMENT
A strong c o n s tra in t  which conserves po ten tia l v o r t i c i ty  can help 
to  make wind f ie ld s  more re p re sen ta t iv e  e sp ec ia l ly  over obs tac les  o f  l im ited  
s iz e .  For the  Alps the observed data did a marginal job in defin ing the 
anticyclone over the  ridge and low in the  lee . Such a c o n s tra in t  
allows the  wind f ie ld  to  r e f l e c t  these fea tu res  even in areas where no 
data i s  av a ilab le .
A s im p lif ied  rep resen ta tion  o f  po ten tia l v o r t i c i ty  can be defined
as
Where p^(x,y) i s  the surface pressure  and p^ i s  the pressure a t  the  top o f  
the  column. Conservation of the  above q u an ta t i ty  i s  applied as a strong 
c o n s tra in t  during the  geostrophic adjustment phase. The formalism includes 
observed wind f ie ld s  and geopotential f i e ld s ,  introduced through the  v o r t i c i ty .  
Let
l^=  J  J p t  {(Sg-Cg)% + + A(ç-Çg)dp
+X
S
Sfe+f) d ^ l d x d y
where S = S = 3% -  5g = imply observed f i e l d s ,  X(x,y)
Ps-Pt
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i s  the  Lagrange m u l t ip l ie r  and y and A have s im ila r  meanings as in Appendix 
4 , and ^  i s  the  l in ea r ized  opera tor
Taking the  v a r ia t io n ,  in te g ra t in g  by p a r t s ,  and allowing the v a r ia t io n s  
to  be a rb i t r a ry  over the domain, we obtain  3 equations in the  3 unknowns,ç, Çg 
and X,and assoc ia ted  boundary conditions.
These are
where Wj= (1+A), W2 = (y+yA+A), 6 i s  observed divergence and u and v are 
the observed winds, and
f  ^ “I  * ^  I
with boundary condition  ^J"(uX S6ç) I %ydp, J 'J (vX S ôç) | °dxdp,
y p 0 X p 0
Jj\S(ü)ôç)l*^^dxdy, where < > = /  dp. All t i l d e  (~) terms are  known from the 
X y  Pç \
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data given.
This equation i s  parabo lic  but can be transformed to  an e l l i p t i c  
equation by finding th e  c h a r a c te r i s t i c s .  The slope o f  the  c h a r a c te r i s t i c
l in e s  i s  which are  the  s tream lines  o f  the observed winds.
u
Once so lu tio n s  a re  obtained fo r  X, ç and Çg can be found,allowing 
the  nondivergent u and v , and $ to  be recovered. The adjustment does not 
e f f e c t  the d ivergent p a r t  o f  the  observed wind.
To t e s t  t h i s  scheme an experiment s im ila r  to  th a t  in  Appendix 5 
i s  run. Here we assume west to  e a s t  observed flow in te ra c t in g  with the  same 
mountain. The c h a r a c te r i s t i c  curves are  o rien ted  along the  x a x is .  The 
observed wind f i e ld  has u = 20m/sec,v = 0 with u re la te d  to  t e r r a in  u p l i f t .  
Solutions fo r  X are obtained with D ir ic h le t  boundary conditions a t  both 
upstream and downstream boundaries. This gives spurious cyclonic v o r t i c i ty  
near the boundaries. Figures A-6-1 show the geopotential f i e ld  s tream lin es , 
v o r t i c i ty ,  and v e r t ic a l  motions above the top o f  the mountain. The v o r t i c i ty  
and geopotential r e s u l t  from th e  formalism in t h i s  appendix. These then 
serve as input in to  th e  c o n t in u i ty  conservation scheme discussed in Appendix
5.
This scheme may be useful fo r  ana lys is  in  mountainous regions» insuring 
th a t  wind and geopoten tia l f i e ld s  r e f l e c t  the e f f e c t s  o f  conservation o f  
p o ten tia l  v o r t i c i ty .  I t e r a t io n  of  flow variab les  between t h i s  and the  
mass conserving scheme may be necessary , although reasonable r e s u l t s  (Figure 
A-6-1) are obtained w ith only one app lica tion  of  each.
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Grid spacing (Ax,Ay) i s  assumed to  be 111 km.
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Fig. A-6-lb. Geopotentdal field^from solution for Y = ^  =1, in  dm. 
(Sïserved geostrophic v o rtic il^  9g » vas assumed to  be zero.
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ï lg .  A-6-lc. Solution re la tiv e  v o r tic ity  (sec"l x 10"5) for v 
Observed winds were assumed to  have zero v o r tic ity , "î = 0. = ^  = 1.
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Fig. A-6-ld. V ertical motion (mb/sec x 10-3) a t  500 mb.
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Fig. A-6-le. Besulting streamlines (■— ),  and isotachs (-------) in  m/sec
fo r  flow a t  500 mb.
APPENDIX 7
The Energy Transformation Equations
In Chapter I I I  transformation equations fo r  the  various energy 
q u a n t i t ie s  were given but not derived. Since we are considering open vol­
umes, boundary f luxes  become important. In ad d itio n ,  the  meaning o f the 
mean and p e r tu rb a tio n  q u an t i t ie s  must be c l a r i f i e d .
By s e le c t in g  a volume we have t r i e d  to  i s o la te  a complete wave 
from the  flow. The flow defining th i s  wave becomes the  p e r tu rba tion  i f  the 
volume extends over one wavelength. Owing to  the  l im i ta t io n s  o f  the  analyzed 
region t h i s  was not always po ss ib le ,  p a r t i c u la r i ty  near the  begining and end 
o f  each case .
The equations are  derived to  describe  the  quasi-geostrophic  energy 
transform ations . In t h i s  framework we can assume th a t  the horizontal winds 
are  rep resen tab le  by a quasi-geostrophic  stream function The derived 
transform ations serve as approximations to  the  actual processes but should 
be accurate  enough to  show the most important energy transform ations during 
development. Deviations from the  quasi-geostrophic  r e d is t r ib u t io n s  may be 
used to  in f e r  processes not parameterized.
To define  mean and pertu rba tion  q u a n t i t ie s  w ithin the  volumes, an 
average wind shear fo r  the  volume i s  determined and then used to  define both 
the mean thermal g rad ien t and mean wind. The mean wind a t  each level i s
 ^ Here the  stream function i s  defined as where i s  th e  geopotential
a t  a given p ressu re  le v e l .
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consis ten t with th i s  wind shear. The stream function f ie ld  is
——  P
^  ” ^0  (p-Pq) where i s  the reference stream function 
a t  each le v e l .  The wind and sp ec if ic  volume are
^ (p ) = txViir and â  =-fg + %
where % = -
Perturbation  q u a n t i t ie s  are  defined as departures from the mean values,
\l>' = ^ ^
V'= kx Vil)' 
a '  = a - â  .
The bar no ta tion  should be c l a r i f i e d .
( ) defines the f ie ld s  associated  with the environment 
( i . e .  with the volume)
( = T f( ) dA, area average over volume cross sec tion  A
 s 1 r( ) = -^ 0 ( )dS, l in e  average around S, the boundary of  A
Su
( ) dp, in teg ra l from top to  surface o f  volume. 
The v o r t i c i ty  equation in f lux form is  given by
= _ V  ' A-7-1
The mean v o r t i c i t y  equation can be found by averaging over a lay e r  in  the
volume
^  A-7-2
The p e rtu rba tion  form of the  v o r t i c i ty  equation is  obtained by sub trac ting
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A-7-2 from A-7-1.
= _ V'h^ilJ+V*vy^ip'+ A-7-3
Kinetic energy equations can be derived by m ultip lying A-7-2 and 
A-7-3 by ijj and re sp ec tiv e ly ,  and in teg ra t in g  over the  volume. The term 
on the  l e f t  o f  A-7-2 becomes
gJT'*' dAdp = ^ JJv«(i|||^)dAdp - VipdAdp
 S
" I J " g JJ2 H (Vi(''V'F)dAdp
where n i s  a u n i t  outward d irec ted  normal to  S. With ^  ^  vijT-Vijp ^
For a u n i t  cross  section
The r ig h t  side o f  equation A-7-2 becomes
-A
g f l  ^^oip -  dAdp =
9 ^0 $  ( ^ ) ]  dAdp -  dAdp
= g J " ^ ^ d p  + ^  -  ^ J V  dp
For a u n i t  area
i ^ r - A  — -------- A
= <a^w> + ^w«o^p=ps " ^^0
The mean k in e t ic  energy equation i s
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 ^ S
^  <T^= -<«0^> + <i>0 H Ï W )  -  (w $o)p=Ps+ I  < ^v ||*n>  a-7-4
Holton (1972) used the  lower boundary condition -(w$o)p=pg to  derive 
a f r i c t io n a l  loss  owing to  Ekman lay e r  pumping. In our an a ly s is  we have 
chosen to  separa te ly  parameterize f r ic t io n a l  e f fe c t s  s ince  the  boundary 
term may be dominated by orographic fo rcing . The l a s t  term i s  a lso  a 
boundary f lux.  The volumes in our study had t r a n s la t io n  speeds from 10%
to  25% of the mean wind. The volume changes w ill  be determined by the
Eulerian time changes.
The pe rtu rba tion  equation A-7-3 becomes
-  ^''V'(vV:^)dAdp “ g J J  dAdp
+ ^ J J r  V ^ W d A d p  + ^ J J d A d p
A fter s im ila r  manipulations as before the  p e rtu rba tion  k in e t ic  
energy equation is
+ »n> + A-7-5
Equations fo r  av a i lab le  p o ten tia l  energy are  obtained from the f i r s t  
law of thermodynamics, ^ where Q describes the  non-adiabatic  pro­
cesses . Since "^p» the  f i r s t  law can be w r i t ten
= -  V*(^ ijjp) -  -  Rd
where o = -  ^  and Rd = Q.
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Proceeding as before , we separa te  the equation into mean and p e r tu r ­
bation components. The mean equation is
 -c A rr “
lET “ Rd A-7-6
The pe rtu rb a tio n  equation is
^  = -  V" (v'ijTp + vi|<p + + V'V'^p -  ^  -  Rd" A-7-7
Energy equations are obtained by m ultip lying A-7-6 and A-7-7 by
f  2 _  f  2
- y -  ijjp and 4'p re sp ec t iv e ly ,  and in te g ra t in g  over the volume. For 
A-7-6,
î ü è -  ^  *P -  j f f ^ o  *P “  dAdp
■ g J T ^ * P  RidAdp
The in teg ra l  on the l e f t  i s  the mean av a ilab le  p o ten tia l  energy.
After some m anipulation, fo r  a un i t  a rea .
Vifp -7 '* p >  -  < - f -  *p Rd> A _,_g
- I
The pe rtu rb a tio n  equation becomes 
g J l ^ ^ d A d p  = -  i J J ^ ' p  * p + ? $ /  n p  dAdp
+ iJ J v  *p dAdp -  i  JJ"fp * 'p m ' dAdp
■ dAdp
With th e  term on the l e f t  represen ting  APE' we g e t ,  fo r  a u n i t  area
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"  -  < -g - V ij^ p .V>p> -  <—  Rj^ ’l^ p >
-  I  *n>
The l a s t  two terms o f  equations A-7-8 and 9 are a d ia b a t ic  source-
sink term, and a boundary f l ux term resp ec tiv e ly .
The equations A-7-4, 5, 8 , and 9 describe the en erg e tic s  o f  the 
quasi-geostrophic  portion o f  the flow. The boundary conditions can be 
minimized by se le c t in g  volumes th a t  encompass a complete d is tu rbance . The 
boundary conditions can contaminate r e s u l t s  when the d is turbance  i s  entering 
or leaving the  gridded region.
The t r a n s fe r s  and conversions among the  energy q u a n t i t ie s  are the 
processes shown in  equation s e t  I I I - 3 .  We assume these are  the  important 
processes fo r  evolution o f  the lee  cyclone. These terms are  evaluated 
instantaneously  and time averaged over 12 hours to  obtain  the  r e s u l t s  shown 
in Figures IV-20, and 21. The re su l t in g  estim ates are compared to  actual 
changes in k in e t ic  and av a ilab le  p o ten tia l  energy, and adjustments are 
made to  insure  a balance fo r  each energy type fo r  each data  tim e. Im p lic it ly
contained w ith in  the  adjustments are the  boundary f lux term s, non-paramet-
erized  processes and e r ro r s .  The d ire c t io n s  and magnitudes o f  th e  energy 
conversions o r  t r a n s fe r s  are fo r  quasi-geostrophic  processes only. The 
adjustments wi l l  have no influence on the  computed magnitude o r  d irec tion  
o f  a p a r t i c u la r  energy conversion o r  t r a n s f e r .
